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dh hydraulic diameter, m
Do diﬀusion coeﬃcient at reference parameters To, po, m
2
s
ds characteristic length, m
Dt turbulent diﬀusivity, m
2
s
D(i,m) diﬀusion coeﬃcient for species i within the mixture,
m2
s
E activation energy, Jkmol
E total ﬂuid energy, Jkg
e coal porosity,
m3f
m3
e′ eﬀective porosity of ﬁxed - bed,
m3f
m3c
eo initial porosity of particle,
m3f
m3c
eex external porosity within the coal bed,
m3f,ex
m3c
ein internal porosity within the coal bed,
m3f,in
m3c
Fi mass forces of component i, Nm3
g gravitational acceleration, m
s2
gi mass fraction of the component i,
kgi
kg
g∗i mass fraction of species i in ﬁne - structure τ
∗, kgikg
goi initial mass fraction of the species i,
kgi
kg
Gchar,o initial mass of char, kg
Gchar instantaneous mass of char,kg
gchar mass fraction of char in coal,
kgchar
kg
gmoist. mass fraction of moisture in coal,
kgmoist.
kg
gvol. mass fraction of volatiles in coal,
kgvol.
kg
h speciﬁc enthalpy, Jkg
hg physical enthalpy of gas, Jkgf
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hi speciﬁc enthalpy of component i, Jkgi
hs physical enthalpy of the solid body, Jkgs
h0Tref,i formation enthalpy of species i at the reference temperature Tref , K
I radiation intensity, W
sr·m2
Ji the diﬀusive ﬂux of substance i,
kgi
m2·s
k reaction rate constant, (units vary)
k turbulent kinetic energy, kg·m
2
s
kg gas thermal conductivity, Wm·K
ko the pre-exponential factor, ms
kr reaction rate constant of heterogeneous reaction, ms
kb,j reverse reaction rate constant of  j reaction, (units vary)
kdev the pre-exponential factor of devolatilization process, 1s
keff eﬀective thermal conductivity of solid fuel, JmK
kf,j forward reaction rate constant of  j reaction, (units vary)
kvap the pre-exponential factor of vaporisation process, 1s
LSF logarithmic sensitivity factor
mp particle mass , kg
Mchar molecular weight of char,
kgchar
kmolchar
Mvol. molecular weight of volatile matter (assumed),
kgvol.
kmolvol.
MQr,char amount of heat generated during combustion reactions of char, Jkmolchar
MQr,vol. amount of heat generated during combustion reactions of volatile matter, Jkmolvol.
N number of chemical species that enter into the speciﬁc reaction  j
n reaction order
n refractive index
Nu Nusselt number
p pressure, Pa
pa air pressure, Pa
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pp partial pressure of gas, Pa
Qvapour evaporation heat of moisture (latent heat), Jkgmoist.
R gas constant, Jkmol·K
r characteristic dimension (radius) of internal pores, m
Ri source term of species i,
kgi
m3·s
rr reaction rate of heterogeneous reaction,kmolm3s
Re Reynolds number
s average optical distance within the gas area, m
Sh source element of energy balance, Wm3
Si energy source for corresponding chemical and physical processes, Wm3
Sk, S source terms for k −  equations, kgs3·m3 , kgs4·m3
Sm source term of the equation for continuity,
kg
m3·s
So initial surface area of internal pores, m2
Ss contact surface between solid and gaseous phases, m2
Sin,o initial surface area, m2
Sparticle surface area of a particle, m2
Sci Schmidt number
Sct turbulent Schmidt number
Sh Sherwood number
T gas temperature, K
Ta air temperature, K
Tg gas temperature, K
To reference temperature, K
Ts coal surface temperature, K
Tw temperature of water jacket walls , K
Tref,i reference temperature, K
u component associated i-th ﬂuctuations of the gas velocity, ms
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Vc total volume of the bed, m3c
Vf volume of the continuous phase in the bed, m3f
Vi volume of an individual element within the numerical mesh, m3
Vm total volume of elements for the entire numerical mesh, m3
Vs volume of solid phase in the bed, m3s
Vdaf mass fraction of volatile matter in the dry and ash-free coal,
kgvol
kgdaf
Vgas volume of empty cavities between particles (void - space), m3
Vpor,o initial volume of internal pores, m3
Vpor total volume of internal pores, m3f
w∞ superﬁcial velocity, ms
w2 mass fraction of moisture in coal,
kgw
kgc
ws velocity of coal bed, ms
Xc degree of char conversion.
Yi mass fraction of the speciﬁc component of gas,
kgi
kgf
Ym source element for the equation deﬁning transfer of kinetic energy for turbulences
k associated with the eﬀect of gas compressibility, W
m3
rdev devolatilization rate,
kgvol
s·m3
rvap evaporation rate,
kgw
s·m3
Gi source term associated with chemical and physical processes,
kgi
m3s
e porosity of ﬁxed - bed,
m3f
m3c
LCV lower caloriﬁc value of fuel, Jkg
cp,g speciﬁc heat of gas that ﬂows throughout the bed, Jkg·K
kr radiative part of the eﬀective thermal conductivity, Wm·K
ks+g thermal conductivity of the solid material and pores ﬁlled with gas, Wm·K
Sin surface area of internal pores, m2
t time, s
Sex external surface area of particle, m2
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Rest
F vector of body forces (per unit volume), N
m3
V˙a volumetric ﬂow rate of air,
m3a
s
1
z viscous resistance,
1
m
r vector of position, m
s vector of direction, sr
w vector of ﬂuid velocity, ms
[Ca,j ] molar concentration of species a in  j reaction, kmolm3
U average value for the gas velocity, ms
s′ scattering direction vector
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Abstract
This study is dedicated to examining of combustion processes in a small - scale retort
boiler ﬁred with specially prepared coal (or biomass pellets). Such units are operated in
many houses, both in Poland and in Europe. The boilers are designed on the basis of
experience and intuition of manufacturers.
The present study aims at improving the combustion process in such boilers. Herein,
the searching for design improvements is based on scientiﬁc background, which is a new
approach in this boiler sector. In order to ﬁnd out the best design solutions a CFD-based
mathematical model has been developed. The ﬁxed-bed sub-model developed in this thesis
constitutes the heart of the overall CFD-based boiler model. The ﬁxed-bed sub-model has
been validated against measurements of temperature and gas composition of a ﬁxed-bed
of EKORET coal.
The validation process has demonstrated satisfactory agreement between predictions
and measurements. The correlation coeﬃcient for temperature ranges from 0.858 to 0.957
while the same coeﬃcients for the gas composition varies within the 0.871 to 0.906 interval.
The lowest values of correlation coeﬃcients are obtained for CO at the level of 0.6. The
sensitivity analyses revealed that the pre-exponential factor and the activation energy of
the combustion reaction aﬀects the obtained results to the most signiﬁcant degree.
The newly developed ﬁxed-bed sub-model has been implemented into the CFD Fluent
code to simulate a commercial boiler unit. Numerical calculations have been carried out
for the non-structural mesh comprising about 1,000,000 cells. The boiler is operated at
25kW (nominal power), with the value of excess air ratio = 2.0 that is typical for units
of that type. The validation procedure for the overall boiler model has been carried out
using the temperature and gas composition measurements in the commercial unit. The
validation has indicated satisfactory correlation for both temperatures and gas composi-
tion. The correlation coeﬃcients are at the level of 0.94 for temperatures and 0.7-0.99 for
species. The correlation coeﬃcient for CO has been as high as 0.99. The validation pro-
cedure has demonstrated that the model is suitable to predict performance of real boilers
with suﬃcient accuracy and conﬁdence. Then, the model is used to optimize the boiler
performance.
The numerical model is used to improve boiler operation. Perfecting the boiler design
resulting in reduced emission of pollutants, (CO, unburned hydrocarbons and ﬂy ash)
can be achieved by repositioning of the deﬂector, redirection of air supply paths into the
combustion chambers as well as reshaping of the combustion chamber. According to the
model predictions, lowering of the deﬂector by 0.065 m with respect to its initial position
results in a decrease of CO emission by more than 60% (compared to the emission of
the commercial unit). When an additional screen is used to protect the combustion zone
together with the deﬂector against cold walls of the combustion chamber the emission of
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CO can be reduced by 67%.
Other modiﬁcations related to redistribution of the combustion air have also been
beneﬁcial and lead to substantial improvements. Swirling of the secondary air has resulted
in 72% reduction of the CO concentration. The swirl has enhanced the mixing, and it
prolonged the residence time both resulting in equalization of temperature inside the boiler.
The model calculations have shown that reshaping of the combustion chamber from the
initial cubicoid to the cylinder-shaped form leads to 86% reduction of CO emission.
Finally, an optimized boiler design has been proposed (Case R), which features the
circular combustion chamber and combustion air swirling. The decrease of CO emission
by more than 90% is foreseen at excess air ratio of 2.0. According to the model predictions,
the optimized boiler can operate at 1.5 excess air ratio (Case R2) with 80% reduced CO,
unburned hydrocarbons and particles emissions. The overall boiler eﬃciency is then in-
creased since 30% more energy is extracted from the radiative part (combustion chamber)
of the boiler than in the commercial unit.
There is no doubt, the newly developed model has proven to be a useful tool in both
analyzing and optimizing the boiler performance
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1 Introduction
Nowadays hard coal is one of the most important sources of energy used by humans
(Figure 1.1). The widespread availability of that fuel presents one of its most important
advantages. More than 70 countries of the word are capable to excavate coal at the
industrial scale. General accessibility to that source of power makes it diﬃcult or even
unfeasible to consider the available resources as a measure of political or economic pressure.
It is also the reason for which it seams unrealistic that leading suppliers of that fossil fuel
can set up `coal OPEC' (Organization of the Petroleum Exporting Countries) and decide
about coal prices just as it happened with crude oil [1].
Figure 1.1: World Energy Demand (Percentage energy consumption by source )[1].
The largest already documented deposits of crude oil are located in the countries of
unsteady political systems (Iraq, Iran, Nigeria, Venezuela) or in the countries of the former
Soviet Union. These deposits make up about 74% of all the available reserves. On the
contrary, deposits of coal are uniformly distributed, which nearly eliminates the hazard that
supplies can be disrupted. According to the information from the World Coal Institute 5990
million tonnes (Mt) of hard coal were extracted worldwide in 2009. The largest amounts
of coal are extracted in China (Figure 1.2) [1, 2, 3, 5, 6, 7]. In consequence, nearly 78% of
the power generation in that country comes from coal. The country that takes the second
place in the world production of coal is the USA. Coal extraction in that country maintains
the steady level with a slight trend of growth. It is the fuel that plays an important role
in the American policy of energy coverage as it is considered a safeguarding factor for the
case when supplies of crude oil and natural gas from politically unsteady regions of the
world might be cut oﬀ [1, 2, 4, 5].
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Figure 1.2: World Coal Production by Regions (4595 Mt in 2000 ) OECD - Organisation
for Economic Co-operation and Development [1].
The demand for coal in the European Union is gradually decreasing, which is caused
by the adopted environmental policy, where ecology is considered one of the most crucial
factors in all respective EU Action Programs. Nowadays, The Sixth Environment Action
Program of the European Community is in progress with the title: `Environment 2010:
Our Future, Our Choice'. The aim of the program is to reduce emission of greenhouse
gases by 8% during the years 2008  2012. To achieve the assumed goal it is necessary to
support the consumption of renewable energy sources. It is also planned to improve the
eﬃciency of the natural resource utilization and reduce the amount of wastes by 20% by
the year 2010.
Substantial reduction of coal utilization can be witnessed in such countries of the Eu-
ropean Union as Germany, France, Turkey or Spain whilst the reverse trend occurs in the
United Kingdom and Italy. Coal consumption permanently grows in Russia and Ukraine.
For countries from Eastern Europe coal still remains a very important source of energy.
Similar situation takes place in South Africa and India [1, 6].
Nearly all countries worldwide, except for very few Arabic countries, as well as EU
generate power through coal combustion. The electricity generation from coal is well
established and cheap. Prognosis of coal production are shown in (Figure 1.3). When
considering prices of fossil fuels, it is necessary to make reference to reports of European
Commission that predict substantial increase of natural gas and crude oil prices until 2030.
The same forecast envisages that coal prices shall be maintained on the same level [2].
Figure 1.3: Prognosis of World Coal Production by Regions (6954 Mt in 2030 ) [1]
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Poland is the largest producer of hard coal in Europe. Hard coal together with brown
coal (lignite) is the main source of energy in Poland. Despite the current vogue for other
sources of power, coal shall keep its dominating role during the oncoming years. The
forecasts predict that the world demand for that fuel shall increase by 53% by 2030. It is
also expected that the demand in European Union shall make a leap as well, perhaps by
as much as 100%. It results from the need to generate electric power at low costs [8].
Prospects for coal seem to be quite promising for several reasons. Expenditures for coal
extraction make up about one-fourth of expenses necessary to win crude oil and one-ﬁfth
of those for natural gas production. The price of coal seems to be really steady and there
are no indications that would suggest substantial variation of the prices in the nearest
future. Vast deposits of that fuel at the present level of extraction, should be suﬃcient
for about 200 years. In particular Poland is rich in deposits of hard and brown coal that
will surely be suﬃcient for many years to come [8, 9, 10]. Nearby the town of Legnica the
vast deposits of brown coal were found and rated among the largest in Europe or, possibly,
worldwide and are estimated to amount to 35 billion tons [11].
The negative attitude to coal is caused by its harmful eﬀect on natural environment.
The emissions of such substances as carbon oxide, nitrogen oxides, sulphur oxides, as well
as the emission of dust substantially aﬀect health of humans, ﬂora and fauna. However,
nowadays the coal-based power engineering is no longer the main source of pollutants
harmful to human beings. Advanced methods of ﬂue gas treatment make the detrimental
eﬀect of power engineering onto natural environment much smaller than it used to be in
the past. The only signiﬁcant problem that is to be resolved is the emission of carbon
dioxide, which may be responsible for climatic changes in the world. It is believed that
this hindrance shall be eliminated by underground storage of carbon dioxide captured from
the ﬂue gas.
The phenomenon of so called `low emission' still remains a serious ecological problem in
Poland. The low emission is understood as pollution of environment by household heating
boilers that are ﬁred with coal. The combustion process in such appliances frequently runs
without appropriate supervision, which results in excessive emission of substances that are
hazardous to humans and the environment. Eﬀects of that emission are clearly visible on
urban agglomerations, where a huge number of such boilers operate on relatively small
areas. Flue gases from such small heating units are usually released to the atmosphere by
means of stacks that are of low height and therefore are unsuitable. It leads to air pollution
that is comparable with the industrial one or is even higher during winter periods [12].
The problem of `low emission' can be resolved in several ways, among them application
of heating units with higher eﬃciency seems to be a very promising idea. In addition,
such units should be ﬁred with appropriately prepared and environment-friendly fuel. On
the Polish market the partly automated retort boilers are available where the fossil fuel is
supplied from the storage reservoir (fuel container) to the combustion chamber by means
of a screw or a piston reciprocal feeder. The amount of fuel and air delivered to the appli-
ance is adjusted by means of an attached microprocessor controller with pre-programmed
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optimized settings. The attendance is reduced to topping up the coal reservoir once per 3-5
days and to removing ash from the ash pan. Owing to automatic control of the combustion
process, the retort boilers can achieve eﬃciency as high as 85% [13].
However, even the most advanced household boilers cannot meet the current environ-
mental regulations. In order to meet very stringent ecological standards that have been
implemented since Poland joined the European Union, it is necessary to use purposefully
prepared coal. The fuels that are most suitable to ﬁre retort coal boilers are such ones
as `ekogroszek' (eco-peas), `ekoﬁns', ekoret', etc. These fuels demonstrate low content of
sulphur (< 0.6%), ash (< 12%) and relatively high caloriﬁc value (> 25MJkg ) as well as
suitable physical and chemical properties that guarantee reliable and fault-free operation
of both the feeder and the furnace (relevant granulation, lack of mechanical pollutants,
low sinter ability, high temperature of ash sintering and softening (>1250oC) as well as
moisture content of coal less than 12%) [14, 15, 16].
The use of coal and other fossil fuels to heat households, even if fuels are completely
combusted (with no ﬂammable remnants), cannot solve the problem of CO2 emission.
The carbon dioxide, similarly to other triatomic gases, is responsible for the so called
`greenhouse eﬀect', i.e. retention of heat that is delivered by sun radiation. It is an eﬀect
that leads to heating up of our globe with subsequent climatic changes. The only method
suitable for reduction of CO2 emission is combustion of biomass in such boilers. In Western
Europe, boilers with purposefully prepared biomass are gaining more and more popularity,
which is associated with increasing concern about natural environment, much higher than
in new member countries of EU [17]. The biomass is suitable for combustion in automated
household boilers but must be initially pre-processed in appropriate manner, where such
raw material as timber wastes, sawdust, cuttings, chips and similar stuﬀ are dried and
disintegrated. In the subsequent step the material is heated up so that lignin and cellulose
contained in the processed material glue together. After such preparation the biomass is
subject to granulation to produce the so called pellets [18].
Application of pre-treated biomass as a fuel dedicated to household boilers is considered
as an environmental friendly solution due to the so called zero emission of CO2. The
amount of carbon dioxide produced during the process of biomass combustion is just the
same as the amount of CO2 adsorbed from the environment during the growth period of
plants that make up the biomass. As compared to carbon combustion, use of biomass
pellets results in virtually no emission of SOx. Heating of dwelling houses with the use of
biomass is more expensive than coal-ﬁred systems but is cheaper than application of natural
gas or fuel oil. The Polish biomass granulate is rated among the best products of that type
in Europe; thus, in 2007 nearly 350, 000 tons of pellets were produced in Poland, whilst
as much as 83% was exported and only 60, 000 were purchased by domestic consumers.
Nearly 35, 000 tons were combusted in low-power boilers (with the heating power below
20kW ) that heat single-family houses, while the remaining amount was utilized by larger
boiler houses as well as electric power of thermal power plants [17].
Poland, being a member country of EU, is obliged to respect the environmental pro-
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gram, where development of renewable energy sources is introduced as a must. According
to that program shares of renewable energy sources should constantly increase and reach
the level of 12% by 2010. In the future, even a higher share of such energy sources, amount-
ing to as much as 30% is anticipated. Nowadays, the share of renewable energy sources in
Poland is at the level of 1.5%. That is why biomass that is also rated among the group of
renewable energy may soon become a really desirable fuel also in Poland [18].
In Germany, the use of biomass (especially wood) as a fuel in domestic heating systems
is rising due to high prices of natural gas and heating oil. There are currently about
14 million small scale biomass and coal ﬁred boilers. These installations (similarly to
Poland) cause considerable air pollution problems, mainly dust, PAH (Polycyclic Aromatic
Hydrocarbons). Those harmful substances are usually emitted at high rates in residential
areas. Considered boilers are often operated at part load. It leads to increased emissions
[142].
Design principles of coal-ﬁred and pellet-ﬁred domestic boilers are very similar and
their operating principle is exactly the same. Designs of such appliances are usually based
on experience and intuition of manufacturers. Boilers are designed and put on the market
by small companies without research and development necessary to optimize engineering
features of boilers in terms of their eﬃciency and ecological qualities. There is no doubt
that importance and market share of heating units ﬁred with solid fuels will increase over
the next years due to relatively low and steady price of coal and ecological properties of
biomass.
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2 Small scale retort boilers
In Poland more than 40% of heat consumed by both communal and household sectors
is produced from coal. It leads to combustion of ca. 8 million tons of coal per year and
Poland is becoming the largest consumer of that fuel, as far as the market of low-power
boilers is concerned [19, 21].
2.1 Low-emission retort boilers
The technology of low-emission automatic coal-ﬁred boilers with retort burners ap-
peared on the domestic market in mid 90's. The major advantages of these boilers, as
compared to units of older design, include high eﬃciency, automated operation and meet-
ing requirements of emission standards that enable operation of such boilers in EU countries
[21, 20].
Rated power (15-1800) kW
Thermal eﬃciency (80-85) %
Power consumption (electricity) (0.4-1.0) % of rated power
Maximum operating pressure (0.2-0.4) MPa
Maximum water temperature (70-95) oC
Minimum water temperature (1-2) oC
Coal bunker reﬁlled ones every 3-4 days
Table 2.1: Main Parameters of Retort Boilers [19]
Retort boilers are suitable for heating houses for one or two families, farm buildings,
large municipal facilities, industrial plants, etc. They also provide hot water for home use.
Figure 2.1 shows a typical design of such a boiler.
Figure 2.1: Typical design of retort boiler with screw feeder
The feeder supplies appropriately prepared fuel from a fuel bunker to a retort burner
located in the heating part of the boiler. Air is supplied into the combustion chamber
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by means of a fan. Inside the air duct the air stream is split into a primary air that is
delivered directly to the coal bed and a secondary air delivered to the area above the bed.
Combustion is controlled by means of an electronic controller that controls the amount of
supplied fuel and air. Safe operation of boilers is assured by appropriate sensors that indi-
cate any faults or deﬁciencies. Retort boilers are furnished with a very speciﬁc component,
the so called deﬂector that is suspended at some height above the retort and is intended to
prolong presence of combustion products in the zone of high temperatures. Such a design
guarantees more complete combustion [19].
Operation of such appliances is limited to reﬁlling the fuel bunker once per three or four
days and to removing ash that is formed during boiler operation and falls down to a special
ash-pan drawer being pushed down and expelled by new fuel supplied to the furnace. The
ash-pan drawer is located in the bottom part of the boiler and must be emptied as needed.
From time to time the entire boiler must be cleaned from soot and ash that deposits on
inner walls of the boiler. Access to inner parts of the boilers is possible via purposefully
designed inspection ﬂaps. The boiler presented in Figure 2.2 is the subject matter of this
study [19].
2.2 Fuel for retort boilers
Reliable and fault free operation of retort boilers is only possible with the use of ade-
quately prepared fuel. Such a fuel must have appropriate physical and chemical properties
to enable smooth operation and long lifetime (proper granulation, lack of mechanical con-
tamination, low sintering power, high temperature of ash sintering and softening) combined
with low content of sulphur, ash and relatively high caloriﬁc value. The most popular coal
grades meant for application in small retort heating boilers are oﬀered with their commer-
cial brands EKORET and EKOFINS (Table 2.2). These coal mixtures are produced on
the basis of selected coal grades, chieﬂy from collieries of The Coal Holding of Katowice
(KHW) plc. EKORET and EKOFINS are oﬀered either loose or in bags of 25 kg each [20].
Name EKORET EKO-FINS
Granulation (5-30) mm (0-35) mm
LHV >26 MJ / kg >25 MJ/ kg
Ash content (4-10) % (4-12) %
Sulphur content < 0,6 % < 0,6 %
Moisture content < 10 % < 10 %
Sintering power RI Under 10 Under 12
Table 2.2: Main Parameters of Coal [20]
Owing to specially prepared fuel and appropriate combustion process, the environmen-
tal burdensomeness of retort boilers is much less than in case of old-type boilers. Unfor-
tunately, when compared to gas boilers, eﬃciency values of thermal units are still lower
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Figure 2.2: Small scale retort boiler.
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whilst emission of hazardous compounds is much higher.
2.3 Environmental emission standards
Three emission standards for small scale boilers (installations capacity below 1MW)
exist in Poland [139, 141]:
• PN - EN 12809 Residential independent boilers ﬁred by solid fuel - Nominal heat
output up to 50 kW - Requirements and test methods,
• PN - EN 303-5. Part 5. Heating boilers for solid fuels, hand and automatically
stoked, nominal heat output of up to 500 kW - Terminology, requirements, testing
and marking,
• system of certiﬁcation of the heating equipment and solid fuel. The certiﬁcate of
"Ecological Safety Mark" (from Institute for Chemical Processing of Coal - ICHPW).
The emission regulations - "Ecological Safety Mark" are the most restrictive criterion but
only PN- EN 12809 standards are obligatory in Poland. The emission standards - PN- EN
12809 are shown in Table 2.3.
Table 2.3: Emission standards - PN-EN 12809 [137].
The PN - EN 303-5 regulations contain emission limits for carbon monoxide, total
organic carbon (TOC) and dust (Table 2.4).
Table 2.4: Emission standards - PN - EN 303-5 (1 - in dry gas, 2 - total organic carbon)[138].
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The standards proposed by ICHPW are presented in Table 2.5.
Table 2.5: Emission standards - Ecological Safety Mark (1 - in dry gas, 2 - total nitric
oxides)[140].
In Germany small scale combustion installations (also retort boilers) are covered by the
emission regulations on small and medium size combustion units. In the case of coal ﬁred
boilers (considered in this PhD work), this applies for installations with a rated thermal
input of up to 1MW. The above mentioned ordinance is shown in Table 2.6 [142].
Table 2.6: Emission limit values for boilers with solid fuels [142, 143].
Typical ﬂue gas composition and dust emission from coal - ﬁred retort boiler with its
thermal power about 25 kW is shown in Table 2.7.
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Table 2.7: Typical ﬂue gas and dust emission from retort boiler [145].
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3 Objectives
The major objective of this study is to gain a comprehensive understanding of the
combustion process that takes place in low-power (small-scale) boilers. In particular, the
detailed objectives are as follows:
• deeper and wider investigation of processes that take place in beds of combusted
solid fuel (ﬁxed - bed combustion),
• development of a methodological approach for modeling of the combustion process
that takes place in both, the ﬁxed - bed and in the combustion chamber above the
retort,
• identiﬁcation of parameters and design features that are responsible for incomplete
combustion,
• suggestion of design alterations intended to increase eﬃciency of the coal-ﬁred retort
boilers,
• suggestion of methods and design alterations to decrease emissions of pollutants.
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4 Scope of the work
The research work has been divided into the following tasks.
The ﬁrst and very important task of the study is to develop a mathematical model
that describes the process of coal combustion in the retort (ﬁxed - bed combustion). The
newly developed algorithm is then used for modeling of the processes that take place in
low-power boilers.
The next step is the validation of the developed model against experimental data gen-
erated in an associated PhD project [56].
The third task is to incorporate the ﬁxed - bed model into the CFD (Computational
Fluid Dynamics) Fluent code to allow for numerical simulations of the whole boiler unit
consisting of the retort and the combustion chamber.
During the subsequent task, the overall boiler model (the retort + combustion chamber)
is validated against the experimental results collected during measurements in a real 25
kW boiler.
The ﬁnal task is to ﬁnd out means of improving the eﬃciency of the boiler and suggest
methods to decrease pollutants emissions. To this end the whole boiler model is used.
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5 Process model of ﬁxed-bed combustion
The phenomena that occur in the ﬁxed - bed are sophisticated and diﬃcult for mathe-
matical description. Even the structure of the solid fuel itself is hard to determine. Heating
of coal leads to its physical and chemical transformation. During the transformation the
thermal properties of fuel, its thermal conductivity and speciﬁc heat, are subject to alter-
ations. The porous material, which is in fact the coal bed, is considered as a good thermal
insulator, although its thermal conductivity increases typically by a factor of three during
both heating and transformation.
As far as the speciﬁc heat of solid matter is concerned, one has to consider not only the
eﬀect of temperature but also composition that is subject to rapid changes. The alteration
to the coal structure substantially aﬀects rates of heterogeneous reactions that take place
on the coal surface. The contact area between the solid fuel and the gaseous phase varies
as the temperature increases as a result of changing both porosity and density of solid
phase during the combustion process. It is wrongly to assume that the temperatures of
solid and gaseous phases are the same during combustion of solid fuel in a ﬁxed - bed
where diameters of particles are larger than several millimeters. There is a temperature
diﬀerence that results in transfer of heat between the two phases. Not only the convective
heat transfer coeﬃcient is of importance but the amount of transferred heat depends also
on the contact surface between the solid and the gaseous phase as well as on the structure
of the solid material.
There seems to be neither papers nor textbooks that deal with modeling of processes
that take place in small heating boilers. Still, there are numerous studies that contain
information that is relevant to this PhD study in terms of modeling physical and chemical
processes that occur in beds of solid fuels. These studies are reviewed in a few subpara-
graphs below.
5.1 Coal structure
During thermal decomposition the solid fuel releases liquid and gaseous products of
chemical reactions. The only material that remains in the solid phase is the so called coke
consisting of char and ash. The coke is the remnant after evaporation of moisture and
devolatilization of volatile matter. Volatiles are the substances that originate during the
pyrolysis process and are released from the solid fuel as a result of temperature increase.
They include liquid hydrocarbons (tar) released during primary carbonization as well as
gases (mainly H2, CO,CO2, H2O,N2, O2, CH4 and other hydrocarbons) that are results
of secondary carbonization. Moisture can be classiﬁed as hygroscopic and transient one.
The transient moisture is the moisture of random origin [22, 23]. Coal matter can be
split into combustible part (volatiles and char) and the mineral part that remains in solid
combustion products as ash. A small portion of the ash may also evaporate [22].
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5.2 Coal decomposition during the combustion process
Investigation of physical and chemical processes that occur during the process of coal
combustion in ﬁxed - beds is a crucial issue for modeling of the combustion phenomena. The
temperature range from 100oC to 200oC is associated with the evaporation of moisture. At
temperature of about 350oC coal is subject to depolymerization and transformation into the
unsteady phase, becoming a sticky liquid. That phase, referred to as the softening phase,
may occur or not, depending on the fuel grade, heating rates, dimensions of particles and
composition of the gaseous atmosphere where the ﬁxed - bed is placed. The plastic (soft)
phase is associated with the phenomenon of coal particle swelling when the particles expand
their volume by several times. It is the phenomenon that can be observed during heating
up at high rates. At temperature of about 500oC coal undergoes resolidiﬁcation, which
is accompanied by emission of liquid hydrocarbons. In consequence of the coal softening
phase the agglomeration takes place. In the temperature range, from 400oC to 700oC,
coal gives oﬀ gases such as CO,CO2, H2, H2O and hydrocarbons. When temperature of
around 800oC is reached, the combustion reaction of the remaining coal (char) in the solid
phase is initiated. A further increase of the combustion temperature leads to endothermic
reactions that cool down surface of the solid body (fuel). The most important reactions
that take place on coal surface are the following [22]:
exothermic reactions:
C + O2 → CO2 (5.1)
C +
1
2
O2 → CO (5.2)
C + 2H2 → CH4 (5.3)
and endothermic reactions:
C + H2O→ CO + H2 (5.4)
C + CO2 → 2CO (5.5)
Beside incompletely burnt char, the second remnant of the combustion process is ash.
The non-combustible part of coal is chieﬂy made up of minerals such as carbonates, sulﬁdes,
oxides and hydroxides. The largest portion are alumina - silicates that make up more
than 50% of mineral substances. Not the whole mineral components remain in ash, a
part of them (about 10%) evaporates. Due to high temperature (about 1100oC) ash
particles may sinter it means partial melting of their surfaces occurs with aggregation
(gluing) of individual grains into a porous matter. The sintering eﬀect is a disadvantageous
phenomenon during the combustion process. Sintered material may prevent penetration
of air into the coal bed and lead to failures of fuel feeders [22, 23, 27].
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5.3 Thermal conductivity
The coeﬃcient of thermal conductivity is one of the most important fuel properties
with regard to modeling of the combustion process in a solid ﬁxed - bed. For hard coal
the coeﬃcient of thermal conductivity at 25oC ranges from 0.1 to 0.5 WmK (depending on
the coal grade) and even after substantial heating (up to 1000oC) only slightly grows to
the value of 0.8 - 1.0 WmK . Coal beds are good insulators and reluctantly convey heat by
thermal conduction. Resistances to heat transfer occur at contact surfaces between solid
and gaseous phases as well as in pores and ﬁssures between grains that trap air (gas of
thermal conductivity about 0.025 WmK ). When the ﬁxed - bed temperature exceeds 600
oC,
the radiation process between surfaces of coal particles prevails, which increases the heat
transfer rate several times. Figure 5.1 shows the eﬀect of radiation on the eﬀective thermal
conductivity.
Figure 5.1: Thermal conductivity of coal (B - eﬀective thermal conductivity, A, W - thermal
conductivity) (compilated by Tomeczek [23] )
There exists a considerable body of literature on the eﬀect of radiative transfer on
heat transfer rates inside solid layers. In majority of works the so called eﬀective thermal
conductivity is used, where the component responsible for the eﬀect of radiative heat
transfer is included beside the coeﬃcient of thermal conductivity associated with presence
of solid materials and pores ﬁlled with gas [24, 25, 26, 27, 28, 29].
keff = ks+g + kr
W
mK (5.6)
where:
ks+g - thermal conductivity for the solid material and pores ﬁlled with gas, WmK ,
kr - the radiative part of the eﬀective thermal conductivity, WmK .
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Establishing the relationship for calculating the amount of heat transfered by radiation
is a sophisticated problem. One reason for that is the complex structure of ﬁxed - bed that
varies during the combustion process. It is diﬃcult to estimate shapes and dimensions of
pores where the radiation process takes place. Many publications simplify the sophisti-
cated structure of the ﬁxed - bed and restrict the analysis to idealized geometrical forms
and structures that are made up of spherical particles. The simpliﬁcation leads to the
situation that calculation results may diﬀer from the reality [26]. It has been established
that the heat transfer rate depends on such parameters as [24, 25, 26]:
• particle diameter and emissivity of their surfaces,
• dimensions, sizes and types of pores  porosity of the ﬁxed - bed,
• temperature of the solid fuel.
The study of Hütter and Kömle [25] established that the eﬀect of radiation is substantial
when the temperature of coal bed exceeds 600oC and diameters of coal particles are not
smaller than 1 mm. Computations of Schotte [26] examine the eﬀect of pore sizes and
porosity of the ﬁxed - bed on the value of the radiative part of thermal conductivity. The
work demonstrates that larger contact surfaces between the solid and gaseous phases lead
to more intense transfer of heat via radiation. In fact it is the case when porosity of the
bed is high and the pores are small.
The research report of Atkinson and Merrick [27] describes in a very accurate and
detailed manner how heat is transferred in coal beds. The study is important as it deals
with the bed of hard coal, very similar to the fuel that is ﬁred in small scale retort boilers.
After determination of the eﬀective coeﬃcient of thermal conductivity that also takes
account of convective heat exchange in pores of the fuel as well as heat transfer by radiation,
attention is paid to amendments in coal structure and composition during the combustion
process. Authors of the mentioned study distinguish three basic forms of solid bed. For the
ﬁrst, original form, one assumes that particles are not porous which means that the ﬁxed-
bed contains only external pores. The second and third forms (plastic and sintered forms)
not only comprise external pores but also internal ones that are created during physical
transformation of coal as well as during coal devolatilization. After ﬁnal extraction of tar
and volatiles the bed achieves its ﬁnal form. The remaining char cracks due to the eﬀect of
high temperature that leads to formation of pores of very speciﬁc shapes. The mentioned
study distinguishes two major zones to enable mathematical description of heat transfer
by conduction and radiation. The zones are as follow:
• the zone where only external pores exist (conventionally referred to as the particulate
charge),
• the zone where the both types of porosity exist (conventionally referred to as the
coke charge).
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Heat transfer proceeds in the two zones in diﬀerent ways. In the ﬁrst zone one can identify
thermal conduction in coal and moisture, conduction in pores and radiation between fuel
particles. Within the char zone the eﬀective thermal conductivity must be determined using
a diﬀerent procedure due to the fact that two types of porosity (internal and external ones)
exist in that zone. The pores have diﬀerent shapes as compared to space between particles.
Alteration of both shapes and dimensions of pores aﬀect the characteristic dimension that
is used to determine the radiative part of thermal conductivity. The char zone features
heat conduction in coke or gas, radiation across internal pores as well as along cracks.
The approach proposed in [27] describes the heat transfer within the ﬁxed - bed in a
strict and accurate manner, as the authors adopted the model that takes account of such
important phenomena as alteration of solid fuel structure during the combustion process.
This approach enables to achieve results that are quite close to reality.
The method proposed in [27] is used in this study to calculate the eﬀective heat con-
duction coeﬃcient. Mathematical relationships and the detailed description is given in
Paragraph 6.2.6.
5.4 Speciﬁc heat
Another property of coal that is very important for this study is the speciﬁc heat.
Composition of the solid fuel mixture is subject to substantial variations due to evaporation,
devolatilization and eventually combustion and gasiﬁcation of char. Each component of
the fuel (moisture, volatiles, char and ash) passes a speciﬁc heat that is diﬀerent for each
component. It leads to obvious variations of speciﬁc heat with fuel composition. The
next parameter that aﬀects the value of speciﬁc heat attributable to each component and
product that originates during coal decomposition is the ﬁxed - bed temperature. Vast
majority of the published papers uses the so called equivalent speciﬁc heat where coal is
considered as the mixture of moisture, volatiles, char and ash [23, 30].
c =
3∑
i=1
gici
J
kgK (5.7)
where:
c - equivalent speciﬁc heat, JkgK ,
gi - mass fraction of moisture, volatiles, char and ash, kgikg ,
ci - speciﬁc heat of moisture, volatile parts, char and ash, JkgK .
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Figure 5.2: Speciﬁc heat of coal (A - [106, 107], G - [108], K - [109], P - [110],W - [111], M
- [30] (See also [144]) (compiled by the author of this PhD)
Figure 5.2, which originates from the report of Atkinson and Merrick [30], shows the
eﬀect of temperature on speciﬁc heat for a number of coals. Experimental investigations as
well as calculations have demonstrated that the speciﬁc heat of the analyzed fuel reaches
its maximum c = 2200 JkgK at temperatures around 500
oC. A further temperature increase
leads to a drop of the speciﬁc heat. The drop is caused by releasing substances with the
highest values of speciﬁc heat, such as volatiles. The authors of the mentioned study [30]
notice that the relationship between the speciﬁc heat of coal and its temperature may serve
as an indication that endothermic reaction may actually not occur at temperatures below
700oC. Tomeczek [23] proposes an experimental relationships that determine the eﬀect of
the temperature on the speciﬁc heat for moisture,volatiles, char and ash. The suggested
method reproduces actual variations of thermal capacity during combustion of solid fuel
and conﬁrms observations reported in [30].
In this PhD study the dependence of speciﬁc heat during coal combustion is described
follows references [109, 23]. The formulas are given in Chapter Paragraph 6.2.7.
5.5 Density and porosity of solid fuels
Similarly to thermal conductivity and speciﬁc heat, also density of solid fuels is subject
to variations during the combustion process. The increase of the bed temperature results
in an increase of fuel density as chemical compounds with relatively low density, such as
water and volatiles are released to gas phase (vaporisation, devolatilization). The solid
phase contains then more char and ash. The relationship between the coal density and
temperature is shown in Figure 5.3.
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Figure 5.3: Predicted variation of true density with temperature. Heating rate, 3 K/min
[54]
Figure 5.4 shows changes to the structure of pores during the combustion process.
The overall volume of the solids with respect to the total volume of fuel increases with
temperature from about 35% to about 70%. After reaching the softening conditions, the
porosity increases rapidly, while at temperature above 500oC the bed resolidiﬁcation starts.
The fuel undergoes sintering while additional pores appear in the form of cracks and
ﬁssures.
Figure 5.4: Variation of porosity during carbonization [54]
The transformation of the bed structure during the combustion process results in an
increase of the bed porosity, but also type and shapes of pores that occur within the bed
are subject to alterations. The described changes substantially aﬀect rates of heat transfer
in the ﬁxed - bed and therefore they are taken into account in the model developed in this
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thesis. Appropriate formula are given in Paragraph 6.2.6.
5.6 Rates of physical and chemical processes during combustion of solid
fuel
Combustion of solid fuel is associated with a number of sophisticated physical and
chemical processes. In the literature on coal and biomass combustion, rates of various
phenomenon are described using Arrhenius equations listed in Table 5.1. The equations
describe the rate of evaporation, devolatilization, char combustion, oxidation and char
gasiﬁcation.
Table 5.1: Kinetics of the processes during coal combustion (I - [113], II - [65], III - [114],
IV - [116, 115], V - [117], VI - [118, 113], VII - [119], VIII - [120, 23, 121, 122], IX - [123],
X - [123, 22]) (Compilation of the author)
Evaporation
First and foremost, the bed of solid fuel heats up and gets dried whilst the encapsulated
moisture evaporates. Even through evaporation of moisture is a physical phenomenon, the
evaporation rate is described using an Arrhenius equation of the following form:
rvap = kvapexp(− E
RTs
) · ρs · gw kgwm3s (5.8)
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where:
rvap - evaporation rate, kgwm3s ,
kvap - the pre-exponential factor of evaporation process, 1s ,
E - activation energy, Jkmol ,
R - gas constant, Jkmol·K ,
Ts - solid fuel temperature, K,
ρs - density of solid fuel, kgm3 ,
gw - mass fraction of water in solid fuel, kgwkg .
Actually, a full description of the evaporation process is much more complex and its rate
depends on a number of factors. However, due to a small amount of water in solid fuels
as well as due to high rate of the process, as compared with other phenomena, such a
simpliﬁcation is acceptable.
Devolatilization
At a suﬃciently high temperature, coal starts to release hydrocarbons along with gas
that contains oxygen, nitrogen, carbon oxide, carbon dioxide, hydrogen, etc. For each of
the chemical compounds the release process takes place at diﬀerent temperatures and with
diﬀerent rates. The combination of foregoing chemical processes that results in release
of volatiles from coal is referred to as the devolatilization process. The studies that deal
with the phenomenon of coal devolatilization frequently use an Arrhenius equation of the
following form:
m˙dev = kdevexp(− E
RTs
) · ρs · gnvol kgvolm3s (5.9)
where:
rdev - devolatilization rate, kgvols·m3 ,
kdev - the pre-exponential factor of devolatilization process, 1s ,
E - activation energy, Jkmol ,
R - gas constant, Jkmol·K ,
ρs - density of solid fuel, kgm3 ,
gvol - mass fraction of volatiles in solid fuel, kgvolkg .
The parameters appearing in Equation 5.9, which are often called kinetic parameters,
are determined experimentally [22, 23, 31]. There exists a large number of coal devolatiliza-
tion models and they may be classiﬁed into single - equation models and multi - equation
models (See for example [23]). The single-equation models are typically applicable for
heating rates above 100Ks . Under such circumstances devolatilization curves, plotted as a
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function of temperature, usually have a single maximum or a plurality of maxima located
very close to each other. In such a case the single-equation model provides a good ﬁt to
experiments. The multi-equation models are used when higher accuracy is required. The
frequent assumption that makes the problem easier is considering the volatiles as a single
chemical compound and the entire devolatilization process is then described by means of
a single equation (Table 5.1).
The analysis of the devolatilization process provided in Merrick [31] shows that thermal
eﬀects may be of two types:
• endothermic that take place at temperatures up to 900K, the thermal eﬀect is about
200 kJkg and can be neglected only when the oxygen content is suﬃciently high,
• exothermic that take place at temperatures above 900K, at the level of (200-400)kJkg .
It has also been reported in [31] that rapid heating of fuel brings about (300-1400)kJkg
energy released in exothermic reactions.
Char combustion and gasiﬁcation
The next very important chemical process in a solid fuel bed is associated with reactions
of char with the gaseous phase. These reactions that take place exclusively on contact
surfaces between the solid and gaseous phases can be split into two groups: exothermic
and endothermic ones. Understanding of basic mechanisms that govern chemical processes
proceeding in a solid fuel bed is indispensable for developing an eﬃcient model of the
combustion process. It is extremely important to know kinetic parameters of the reactions,
and these are usually determined by experiments. There are a large number of studies that
deal with processes of coal combustion and gasiﬁcation but they are frequently restricted
to pulverized coal. Large coal particles of a solid fuel bed demonstrate diﬀerent rates of
reactions than those measured for pulverized coal. The scientiﬁc papers related to the
issue of solid fuel combustion report that rates of heterogeneous reactions depend on such
parameters as concentration of gaseous substrates, their diﬀusion rates, particle size as well
as kinetic parameters [22, 23, 28, 32, 33, 34] (Table 5.1). In numerous studies the reaction
of char combustion:
C + O2 → CO2 (5.10)
is considered as the ﬁrst order reaction [22, 23]:
rr = krAzCg
kmol
m3s (5.11)
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where:
rr - reaction rate of heterogeneous reaction, kmolm3s ,
kr - reaction rate constant of heterogeneous reaction, ms ,
Az - speciﬁc surface area of particles, m
2
m3 ,
Cg - substrate concentration nearby the solid material surface, kmolm3 .
The reaction rate constant is usually determined using the Arrhenius equation [22, 23]:
kr = koexp(− E
RTs
)
m
s (5.12)
where:
ko - the pre-exponential factor, ms ,
E - activation energy, Jkmol ,
R - gas constant, Jkmol·K .
Similarly to char combustion, char gasiﬁcation reaction:
C + CO2 → 2CO (5.13)
is also considered as ﬁrst order with the rate expression identical to equation 5.11 and 5.12.
5.7 Heat exchange between phases
In the old publications on combustion of pulverized coal it is frequently assumed that
the temperatures of both phases (gaseous and solid ones) are the same. Such an assumption
is acceptable for small particles only. When particles are in millimeters or even centime-
ters size range this assumption is incorrect. Such large particles heat up quite slowly and,
therefore, not only the temperature diﬀerence between both phases exists but also a signif-
icant temperature gradient in the solid material occurs. This eﬀect is magniﬁed by heating
or cooling eﬀect of heterogeneous reactions that occur at contact surfaces between both
phases. In order to determine the heat exchange rate between the phases, it is necessary to
determine the heat transfer coeﬃcient. In publications [23, 33, 38, 39] the heat exchanged
between a solid fuel bed and adjacent gas is considered. The heat transfer coeﬃcient a is
determined by means of the following formula:
Nu =
α · ds
kg
(5.14)
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
5 Process model of fixed-bed combustion page: 25/136
where:
ds - characteristic length, m,
kg - thermal conductivity of the gas, WmK ,
Nu - Nusselt number,
α - heat transfer coeﬃcient, wm2K .
In case of forced convection, the dimensionless Nusselt number is determined by the rela-
tionship between the Reynolds and Prandtl numbers often called as Nusselt function:
Nu = f{Re,Pr} (5.15)
Exact forms of Nusselt function, that can be used to determine Nusselt number, diﬀer
one from another depending on the assumed method and approach to the problem.
The PhD thesis of Bes [40] comprises quite a lot of literature informations on how to
calculate the heat transfer coeﬃcient between solid and gaseous phases. The author of the
thesis outlines two models. The ﬁrst model considers the case when gas ﬂows around a
single particle. Heat exchange between a single particle and the ﬂowing gas is less intense
than in the gas ﬂowing through a fuel bed made up of particles. To take account of
presence of other particles, the value of already determined Nusselt number is multiplied
by an appropriate shape parameter, so corrections to the heat transfer coeﬃcient are made.
Another way, that is also described in the above mentioned thesis, is based on the hydraulic
diameter of channels throughout which gas ﬂows. For a porous bed, that diameter can be
determined using the following relationship [40]:
dh =
(
e
1− e
)
· Vs
Ss
m (5.16)
where:
Ss - contact surface area between solid and gaseous phases, m2,
Vs - volume of solid phase in the ﬁxed - bed, m3.
The bed porosity e is deﬁned as a ratio of the pore volumes to the total volume of the bed
[40]:
e =
Vc − Vs
Vc
m3g
m3 (5.17)
where:
Vc - total volume of the bed, m3,
Vs - volume of solid phase in the ﬁxed - bed, m3s.
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Figure 5.5: Eﬀective heat transfer coeﬃcient - comparison (ts = 1000oC) [40]
The porosity of coal beds usually ranges from 0.3 to 0.5. The porosity value depends
on the particles arrangement and packing, their shapes and dimensions. The analyses
presented in [40] demonstrate that the heat transfer coeﬃcient determined by means of
both models increases with gaseous phase temperature. Intensiﬁcation of heat exchange
occurs when particle size decreases. Values of the a coeﬃcient for spheres (balls) with
the diameter of 0.04m and temperature of 1000oC reach about (100-200) W
m2K
at the air
velocity of (1-2)ms .
For the bed of solid combustible fuel the so called eﬀective heat transfer coeﬃcient is
frequently used. The eﬀective heat transfer coeﬃcient is the result of two basic thermal
processes: radiation and convection, whereas the radiation eﬀect is rather small as com-
pared to heat convection (Figure 5.5). The amount of heat that is exchanged by radiation
between the two phases is chieﬂy dependent on [40]:
• diameters of solid fuel particles,
• average optical path length,
• temperature of particle surface,
• concentration of such radiating gaseous components (CO2, H2O).
Figure 5.5 explains the eﬀect of the particle size on the eﬀective heat transfer coeﬃcient.
The diagram clearly shows that in general the contribution of radiation to heat transfer
between the phases is rather insigniﬁcant. Its importance increases with particle diameter.
In turn, Figure 5.6 shows that the larger the gas superﬁcial velocity is, the more intense heat
exchange between the two phases takes place. A more detailed procedure for calculating
the eﬀective heat transfer coeﬃcient is outlined in the next section.
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Figure 5.6: Heat transfer coeﬃcient as a function of gas velocity [40]
5.8 Radiation of the gaseous phase
Heat transfer between the solid and gaseous phases take place not only by convection.
A part of heat is emitted (by radiation) from the particle surfaces and then absorbed
by the gaseous phase. The phenomenon is even more sophisticated when the gaseous
phase contains dust. Bes [40] estimates the eﬀect of emissivity of the gaseous phase on
the heat transfer coeﬃcient and, consequently on, the amount of heat exchanged between
the two phases. The conclusion of Bes is that CO2 and H2O are the main molecules
that participate in radiative exchange. Such gases as CO, SO2, NH3, CH4 and higher
hydrocarbons also absorb radiation but due to their low concentration in the ﬂue gas they
are of less importance. Major components of air, i.e. N2 i O2 are transparent to radiation.
Emissivity of the gas that ﬁlls cavities in the solid bed depends on shapes and sizes of
free space between particles. For the simplest example when particles are arranged in a
cubical manner, the average optical distance within the gaseous area can be computed with
suﬃcient accuracy by means of the following relationship [42].
s = 0.9 · 4 · Vgas
Sparticle
=
(
1− pi6
) · ds
pi
≈ 0.152 · ds m (5.18)
where:
Vgas - volume of empty cavities between particles, m3,
Sparticle - surface area of a particle, m2,
ds - particle diameter, m.
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
5 Process model of fixed-bed combustion page: 28/136
Emissivity of gas is described by the formula [42]:
εg = A · e−BT (5.19)
A,B = f (pp · s) (5.20)
where:
A,B - dimensionless coeﬃcients,
T - gas temperature, K,
pp - partial pressure of gas, Pa.
The radiative heat transfer coeﬃcient αr is calculated from the formula:
αr = 4 · 11
εg
+ 1εs − 1
· σ · T3 Wm2K (5.21)
where:
εg - emissivity of gas,
εs - emissivity of external surfaces of particles,
T - gas temperature, K.
The study of Merrick [30] considers also the eﬀect of particle size on the value of the
radiative heat transfer coeﬃcient. The coeﬃcient increases with the temperature and re-
duction of particle sizes. For particle diameters ranging within the interval (0.01 - 0.02)m
and the temperature below 1000oC, the heat transfer coeﬃcient amounts to about 5 W
m2K
.
This value is so low as compared to the convective heat transfer coeﬃcient (120 W
m2K
), that
it can be neglected. The analyses covered also the case where the gaseous phase contained
dust. Even at high concentration of solid particles at the level of (30 - 100) mg
m3
(typical
values for low-power boilers [43]) the emissivity of the gas remained nearly constant with
no substantial variations.
The foregoing analysis indicates that the amount of heat transferred by radiation and
absorbed by the gaseous phase that ﬁlls cavities of a ﬁxed - bed is negligibly low. This
is so since the path lengths of the radiation rays are indeed small . On the contrary, in
the combustion chambers the path length is substantially longer and therefore the gaseous
phases containing CO2, H2O and dust participates in radiative exchange of heat.
The study of Roberts et al. [35] reveals a relationship between the ﬂue gas emissivity
and equivalent layer thickness of such gas. The relationship shows that at the temperature
of 1500K, and at the atmospheric pressure, the emissivity for dusty gas reaches the value
of 0.5 when the average path of the ray is about 3m. For small heating boilers such a
distance never exceeds 1 m, which leads to the emissivity values at the level of 0.1.
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5.9 Pressure drop across the ﬁxed - bed
When one intends to develop a model for the ﬂow of the gaseous phase throughout a
bed of solid fuel, it is necessary to take account of pressure drop across the bed. Figure
5.7 taken from Bes [40] underlines that the pressure drop increases with the superﬁcial gas
velocity and with decreasing particle size. The ﬁgure shows that the pressure drop across
the ﬁxed - bed at the air velocity values from 1 to 2ms at temperature of 600
oC and particle
diameters from 0.01 to 0.04m , reaches the value within the range from 100 to 1000Pam .
Figure 5.7: Pressure drop across the ﬁxed - bed at temperature of 600oC (dp=0.02 m - the
upper curve, dp=0.04 m - the lower curve) [40].
5.10 Modeling of combustion and gasiﬁcation in ﬁxed beds
As it was mentioned in the beginning, there is only a scarce number of studies related to
modeling of processes that take place in small-scale heating boilers [32, 56]. The available
literature sources that deal with the subject tend to focus the attention on the gaseous
phase with little interest in solid fuel combustion. These studies are mainly experimental.
A great deal of published papers undertakes problems related to speciﬁc phenomena
that take place inside beds of solid fuel but they oﬀer no models that are suitable for simu-
lation of the combustion process in ﬁxed - beds. For instance, the studies [22, 23, 27, 30, 31]
provide detailed information on fundamentals of coal combustion and gasiﬁcation. In par-
ticular, they precisely describe phenomena relevant to the process of solid fuel combustions.
The mentioned developments cover also the methods meant to ﬁnd out essential thermal
properties of solid fuel beds and the heat transfer coeﬃcient with the further possibility to
determine the amount of heat exchanged within the ﬁxed - bed between the solid and gas
phases.
Predominant majority of mathematical models that deal with processes which occur in
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ﬁxed - beds are concerned with gasiﬁcation processes [33, 34, 35, 66, 74, 78, 79, 82, 83, 89,
101, 148].
More recently studies appeared which are related to the modeling of combustion pro-
cesses for various types of biomass [65, 67, 69, 70, 72, 75, 76, 90, 99, 100, 102, 103, 104,
105, 133, 147, 149] and coal combustion [64, 68, 71, 73, 77, 80, 81, 84, 85, 87, 91]. One
of such studies [58] deserves particular attention. The entire textbook is dedicated to the
investigation of processes associated with solid fuel combustion in a steady (immobile)
layer. The detailed mathematic model for the process in question is precisely described
and compared with experimental results.
A substantial body of information relevant to the combustion and gasiﬁcation in ﬁxed
- bed is available through the works on waste incineration on grates [134, 135, 136].
5.11 Measurement of combustion process in a ﬁxed-bed and retort boiler
In this thesis results of Radovan Nosek's experiments have been used [56]. The mea-
surements were conducted in a specially prepared ﬁxed-bed reactor and inside the retort
boiler.
In the ﬁxed bed reactor a batch of coal was placed on a grate. The reactor was made
out of steel and was 60 mm in internal diameter and 280 mm in length. The coal moved
downward under the power of gravity in the course of the combustion process, counter-
currently to the combustion air.
Inside the reactor four thermocouples were installed in order to measure the temper-
ature of burning coal at diﬀerent heights. During the experiments the coal temperature
was recorded on line in periods of 30 seconds by data logger. Thermocouples were located
50 mm apart from one another. Concentrations of the ﬂue gas species CO2, CO, O2 were
registered by an analyzer every 30 seconds. Measurements were carried out for 1 m
3
h and
1.5 m
3
h ﬂow of air. The initial temperature of fuel and inlet air was 298 K. Coal with a
granularity of 1-30 mm, and a lower caloriﬁc value of 28 MJkg was used as a fuel.
The investigated boiler was designed for operation in domestic heating systems. It had
a heat power of 25 kW. The boiler was 1060 mm high, 1020 mm long and 540 mm wide.
The boiler construction was equipped with measurement slots, so measurement probes
could be easily inserted inside the combustion chamber during the tests. The composition
and temperature of emitted ﬂue gas was measured in certain points in the combustion
chamber as well as at the outlet of the boiler. The ﬂue gas temperatures were registered
by a data logger and species concentrations were recorded by an analyzer, both in periods
of 30 seconds. The ﬁrst series of tests was carried out at chamber's centre while the second
series was performed 100 mm away from the centre. The water temperature of water was
measured at the inlet and outlet of water pipes [56].
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
6 Mathematical model page: 31/136
6 Mathematical model
This Chapter provides a detailed mathematical background to the modeling of a retort
boiler with its nominal power of about 25 kW (fuel input of 30 kW). To perform numer-
ical calculations the commercial Computational Fluid Dynamics (CFD) software package
FLUENT is used.
Section 6.1 presents the essential balance equations and models for major phenomena
that take place during the combustion process and are then used by the application (Fluent)
software. However, the mentioned software package is insuﬃcient to complete the task
as the package does not posses a ﬁxed - bed combustion sub-model. This is why the
important objective of this study is to develop sub-model and implement it into the main
software body by means of a subroutine developed in C language as the UDF (User Deﬁned
Function) module. The detailed description of the model developed by the author of this
study is provided in Section 6.2. Reiterating, Section 6.1 provides already well established
modeling approach provided by the CFD Fluent package while Section 6.2 presents the
original contribution of the author.
6.1 Gas phase free-board combustion model
The mathematical model intended to describe processes that take place within the
combustion space of low-power boilers is based on balances of mass, momentum, energy
and individual chemical species [123, 124]. Phenomena that are relevant such as radiative
heat transfer, turbulent combustion that take place among components of gas in a turbulent
ﬂow inside the combustion chamber, are considered in calculations by additional models
described in this section. The Clapeyron equation for mixture of ideal gases is used as
the state equation. Viscosity, speciﬁc heat and thermal conductivity are calculated using
appropriate correlations.
6.1.1 The continuity equation
The continuity equation is the mathematical form of the mass conservation law. For a
compressible and non-stationary ﬂow (where density and velocity are functions of position
and time), with mass sources, the continuity equation adopts the following form for the
speciﬁc elementary volume dV:
∂ρ
∂t
+ div (ρ ·w) = Sm (6.1)
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where:
ρ - gas velocity, kg
m3
,
t - time, s,
w - vector of gas velocity, (wx,wy,wz), ms ,
Sm - source term, kgm3s .
The foregoing relationship contains three terms: the non-stationary, convective and the
source term. The non-stationary term describes the rates of mass changes within the vol-
ume dV . The convective term represents the transport of ﬂuid across borders of the volume
dV . In turn, the Sm term stands for mass sources (or sinks) within the dV volume.
6.1.2 Momentum conservation equations
The Navier - Stokes equation is the relationship that describes motion of ﬂuids. That
equation is the balance of momentum for a ﬂuid element:
∂ (ρ ·w)
∂t
+∇ · (ρww) = −∇p+∇ · T+ ρg +F (6.2)
where:
p - pressure, Pa,
g - gravitational acceleration, m
s2
,
F - vector of body forces (per unit volume), Nm3 .
The N-S equation contains the following terms (from left to right): the non - stationary
term, associated with accumulation of momentum (unsteady acceleration), the convective
term that describes transfer of momentum (convective acceleration) and the pressure gra-
dient term as well as stress term (surface forces) and ﬁnally the gravity and other body
forces terms. The stress tensor for Newtonian ﬂuids is related to the rate of strain. The
dynamic viscosity m acts as the proportionality coeﬃcient. The stress tensor for Newtonian
ﬂuids is deﬁned by the following formula:
T = 2µ
(
E− 1
3
4I
)
N
m2 (6.3)
where:
µ - dynamic viscosity, Pa · s,
E = 12 (∇w) + 12 (∇w)T - the rate of strain tensor, 1s ,
4 = ∇ ·w, - the rate of expansion of the ﬂow, 1s ,
I - 3× 3 identity matrix.
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6.1.3 The conservation equation of chemical species
The conservation equation for the i-th component of the mixture reads:
∂ (ρ · gi)
∂t
+∇ (ρwgi) +∇ · J i = Si +Ri (6.4)
The above equation comprises the term that describes variation of the i component
in time, the term associated with convection and diﬀusion of the i component, as well the
source terms. The Ri stands for the eﬀect associated with either formation or destruction of
the species due to chemical reactions. The source Si describes the mechanism of another
type, e.g. by exchange of mass with another phase. The diﬀusion term describes the
diﬀusion rate of i species in the mixture. The diﬀusive ﬂux of the i substance can be
determined using the relationship:
J i = −
(
µ
Sci
+
µt
Sct
)
∇gi (6.5)
where:
µ - dynamic viscosity, Pa · s,
µt - turbulent viscosity, Pa · s,
Sci =
µ
ρ·Di - Schmidt number,
Sct =
µt
ρ·Dt - turbulent Schmidt number,
gi - mass fraction of species i,
kgi
kg ,
Di,m - diﬀusion coeﬃcient for species i within the mixture, m
2
s ,
Dt - turbulent diﬀusivity, m
2
s .
The most common practice in numerical calculations dedicated to mixtures made up of n
components is to solve a system of n-1 balance equations. The mass fraction of the last
component of the mixture is found from the complementary relationship stating that the
sum of mass fractions for the mixture components must add up to 1. Usually the compo-
nent with the largest mass fraction is selected as the one, for which the balance equation
is not solved for. In case of fuel combustion in air it is nitrogen.
6.1.4 The energy conservation equation
The general form of the energy balance can be expressed in the following way:
∂ (ρ · E)
∂t
+∇ (w (ρE + p)) = ∇ ·
(
keff∇T −
∑
i
hiJ i + (Teff ·w)
)
+ Sh (6.6)
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where:
E = h− pρ + ν
2
2 - speciﬁc ﬂuid energy,
J
kg ,
h =
∑
gihi - speciﬁc enthalpy of species i, Jkg .
and
hi = h
0
Tref,i
+
Tˆ
Tref,i
cp,i · dT (6.7)
where:
cp,i - speciﬁc heat of species i, Jkg·K ,
h0Tref,i - formation enthalpy of species i at the reference temperature Tref ,
J
kg ,
gi - mass fraction of species i,
kgj
kg .
The left hand side of the above equation contains both the accumulation and convection
terms. The right-hand side includes, the heat conduction, diﬀusion as well as viscous
dissipation terms. The last (source) term of the equation stands for the rate of heat
generation per a volume unit.
6.1.5 Turbulences
The conventional approach to modeling of the turbulence eﬀect is based on the concept
proposed by Reynolds. According to that idea, the instantaneous velocity U of a turbulent
ﬂow can be considered as the sum of its mean value U averaged over time and its ﬂuctuating
component u. When this relationship is applied to the Navier-Stokes equation, one can
obtain the Reynolds equation. For the non-compressive ﬂow that relationship is simpliﬁed
to the formula [46]:
ρ
(
∂U i
∂t
+ U j
∂U i
∂xj
)
=
∂
∂xj
σij + F i (6.8)
where:
ρ - ﬂuid density, kg
m3
,
Fi - mass forces of component i, Nm3 ,
σij - stress tensor i, Nm2 .
The stress tensor is determined by the relationship [46]:
σij = −pδij + νρ
(
∂U i
∂xj
+
∂U j
∂xi
)
− ρuiuj (6.9)
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
6 Mathematical model page: 35/136
where:
ν - kinematic viscosity, m
2
s .
The above equation contains an additional term that does not appear in the Navier -
Stokes equation. That terms is referred to as the Reynolds stress tensor [46]:
(σt)ij = ρuiuj = µt (uij + uji)− 2
3
ρkδij (6.10)
µt =
ρ · cµ · k
ε
(6.11)
where k stands for the turbulent kinetic energy and cµ is the constant parameter, ε
denotes dissipation rate of turbulent energy. Appearance of two new variables (k − ε)
entails the need to seek for additional relationships to make the equation system closed.
This deﬁciency can be replenished by implementation of the model of turbulences [46].
This study uses the k − e model proposed by Harlov and Nakayama [48]. It is a model
that introduces two additional transport equations. The ﬁrst one describes the transport
of turbulent kinetic energy k, while the second concerns turbulent dissipation rate e.
The two transport equations adopt the form [47, 48]:
∂ (ρk)
∂t
+
∂ (ρ · k · ui)
∂xi
− ∂
∂xj
((
µ+
µt
Prk
)
∂k
∂xj
)
= Pk + Pb − ρ · ε− Ym + Sk (6.12)
∂(ρε)
∂t
+
∂ (ρ · ε · ui)
∂xi
=
∂
∂xj
((
µ+
µt
Prε
)
∂ε
∂xj
)
+ Cε1
ε
k
(Pk + Cε3Pb)− Cε2ρ · ε
2
k
+ Sε (6.13)
where:
ε = µρ · ∂ui∂xj ·
∂uj
∂xi
m2
s3
,
µt - turbulent viscosity, Pa · s,
k = 12 · ui · uj , m
2
s2
,
ui - ﬂuctuating velocity component, ms ,
Sk, Se - source terms,
kg
s3m3
, kg
s4m3
,
Ym - parameter that incorporates eﬀect of compressibility, Wm3 ,
Pk = −ρuiuj ∂uj∂xi
kg
s3m3
,
Pb = −βgi µtPrt ∂T∂xi
kg
s3m3
,
C1ε - 1.44,
C2ε - 1.92,
Cµ - 0.09,
Prk - 1.0,
Prε - 1.3,
β = − 1ρ
(
∂ρ
∂T
)
p
- coeﬃcient of thermal expansion, 1K .
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ui stands for ﬂuctuating velocity component, Sk, Sε are source components, Ym , incor-
porates eﬀect of compressibility, Pk, refers to the eﬀect of elasticity, Pb, is associated with
the thermal expansion of gas.
6.1.6 Equation of state
The Clapeyron equation written in the following form:
ρ =
p
R · T ·
n∑
i=1
gi
Mi
kg
m3 (6.14)
where:
R = 8.315 - gas constant, kJkmol·K ,
Mi - molecular weight of species i,
kgi
kmol ,
gi - mass fraction of species i,
kgi
kg ,
p - absolute pressure, Pa.
serves as the equation of state.
6.1.7 Gas phase combustion model
The net source Ri of chemical species i describes its variation due to n chemical
reactions and can be determined by means of the following formula:
Ri = Mi
n∑
j=1
ri,j
kgi
m3s (6.15)
where:
Mi - molecular weight of , , i′′ species,
kg
kmol ,
ri,j - Arrhenius molar rate of creation/destruction of species i in reaction j, kmolm3s .
In order to determine the rate of change of species i in the  j reaction the following
relationship can be applied:
ri,j = kf,j
N∏
a=1
[Ca,j]
ηf,a,j −kb,j
N∏
a=1
[Ca,j]
ηb,a,j kmoli
m3s (6.16)
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where:
kf,j - forward reaction rate constant of  j reaction, (units vary),
kb,j - backward reaction rate constant of  j reaction, (units vary),
Ca,j - molar concentration of species a in  j reaction, kmolm3 ,
ηf,a,,j ,ηb,a,j - stoichiometric coeﬃcient of species a in the  j reaction,
N - number of chemical species that enter into the speciﬁc reaction  j.
The rate constants of each reaction are related to the equilibrium constant:
kf
kb
=
( p
RT
)∆η
exp
(
∆So
R
− ∆H
o
RT
)
(6.17)
where:
4η = ηb − ηf ,
4So - standard state entropy, JkmolK ,
4Ho - standard state enthalpy, Jkmol .
The rate of disappearance or creation of a species in a turbulent reacting ﬂow is de-
termined by two major mechanisms: the kinetics of the chemical reactions as well as by
the transport (mixing). It will be shown later that for low power coal-ﬁred boilers these
both phenomena are of crucial importance and are responsible for incomplete combustion
of such substances as CO or HC.
In this study the Eddy Dissipation Concept (EDC) model is used that takes account,
in its description of chemical processes, of kinetics as well as turbulent mixing. The model
has been developed by Magnussen et al. [126, 127, 128]. The originator assumes that
chemical reactions take place exclusively in small turbulent structures (eddys) referred to
as `ﬁne structures'. The reaction rate is determined by means of the following relationship:
< = ρ (γ
∗)2
τ∗ [1− (γ∗)]3 (g
∗
i − goi ) kgim3s (6.18)
where:
τ∗ = Cτ
(
ν
ε
) 1
2 - destruction time of the Kolmogorov structure, s,
γ∗ = Cγ
(
ν·ε
k2
) 1
4 - length fraction of the ﬁne scales, J ,
ν - kinematic viscosity, m
2
s ,
g∗i - mass fraction of species i in the ﬁne structure,
kgi
kg ,
Ct=0.4082,
Cg=9.7687.
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6.1.8 Radiative heat transfer
In the Discrete Ordinates DO model the radiative transfer equation is solved for a
limited number of directions. The radiative transfer equation adopts the following form:
dI(r,s)
ds
+ (a+ σs) I (r,s) = an
2σT
4
pi
+
σs
4pi
4piˆ
0
I
(
r,s′
)
Φ
(
s · s′)dΩ (6.19)
where:
r - vector of position, m,
s - vector of direction, sr,
s
′
- scattering direction vector,
a - absorption coeﬃcient,
n - refractive index,
σ - Stefan  Boltzmann constant, W
m2K4
,
σs - scattering coeﬃcient,
I - radiation intensity, W
sr·m2 ,
T - local temperature, K,
Ω - solid angle, sr,
T - local temperature, K,
Φ - phase function.
The ﬁrst term of Equation 6.19 describes the change of the radiation intensity at a given
position r. When the radiation travels a ds distance, the intensity of radiation that passes
throughout the speciﬁc volume dV is reduced by absorption and by out - scattering. The
increase of the radiation intensity takes place owing to the emission and in - scattering. In
the energy balance equation (Equation 6.6) the radiation appears as a source term.
6.2 Fixed - bed combustion model
Combustion of solid fuel in a ﬁxed - bed is a sophisticated physical and chemical
process. When one wishes to describe the process the attention must be paid to a number of
phenomena, including ﬂow of oxidizer through the bed, diﬀusion of oxidizer, evaporation of
moisture, devolatilization of volatiles, thermal and chemical interactions between particles
and the gaseous phase. Knowledge of thermal properties, such as speciﬁc heat and thermal
conductivity is important. It is imperative to account for the eﬀect of sizes, types and
shapes of pores that can be found in the ﬁxed - bed onto the chemical reactivity of fuel
and rates of heat transport, both within the ﬁxed - bed and between phases.
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6.2.1 Properties of EKORET coal
Retort low-power boilers are ﬁred with a prepared fuel. Such coal (Figure 6.1) must
feature an appropriate granulation (see Table 2.2). Due to application of the automatic
feeder (a screw or a piston one) the fuel must be free of mechanical contaminations. The
coal must posses an adequate caloriﬁc value, sulfur content, sinterability, etc. (see Table
2.2).
Figure 6.1: EKORET coal
Appropriately prepared fuel is available in bags (Figure 6.2) so that the moisture con-
tent of the fuel remains constant during the storage period.
Figure 6.2: EKORET coal  in shipping bags
Table 6.1 shows the composition (ultimate, proximate analysis) and sieve analysis of
EKORET coal.
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Table 6.1: Proximate and ultimate analysis of EKORET coal (a - air dried, d - dry, daf -
dry ash free)
Table 6.1 provides the proximate and ultimate analysis of EKORET coal. Such pa-
rameters as the caloriﬁc value or coal composition are essential. The sieve analysis has
demonstrated that EKORET coal is made up of particles with sizes that range within a
narrow interval. The average diameter of the examined coal is 0.02 m. Particles of the in-
vestigated coal feature irregular shapes but in the further part of this study the assumption
is made that they are spherical.
6.2.2 Flow of gas through a bed of solid fuel
The only one model from among very few ones closely associated with a ﬁxed - bed and
available for the employed software package is the model of ﬂow through a porous volume.
The model that is used for this study needs parameters related to properties of the fuel
bed and they have been determined experimentally. These parameters include: viscous
and internal resistance, as well as porosity. Knowledge of these parameters is essential for
the pressure drop determination and calculation of velocity distribution within the bed.
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In order to ﬁnd out required resistance factors the measurement of pressure drop across
the bed of EKORET coal is carried out. The research program covered measurements
of pressure drop across the fuel bed for several values of air (superﬁcial) velocity. The
measurements are carried out in the reactor (Figure 6.3) with the internal diameter of
0.18m. The bed height during measurements is 0.1 m. The tests are performed for ﬁve
values of air velocity ranging from 0 to 0.6 ms . The measured pressure drop is presented in
Figure 6.4.
Figure 6.3: Measurements of the pressure drop across the bed of the EKORET coal  the
reactor
Figure 6.4: Pressure drop across the bed of the EKORET coal - experimental investigations
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The measured data are least square ﬁtted to provide the following relationship:
∆p = 158.92w∞2 − 5.022w∞ Pa (6.20)
where:
w∞ - superﬁcial velocity ms .
The eﬀect of the bed presence (a porous volume) is modeled by means of an additional
source term introduced to the momentum equation:
Si = −
(
µ
z
w∞ + C2
1
2
ρw2∞
)
Pa
m (6.21)
where:
µ - dynamic viscosity, Pa · s,
1
z - viscous resistance,
1
m ,
C2 - internal resistance, 1m2 .
Therefore, the pressure drop across the bed can be expressed by means of the formula:
∆p = −
(
µ
z
w∞∆n + C2
1
2
ρw2∞∆n
)
Pa (6.22)
where:
∆n - coal bed height, m.
The above equations enable calculation of resistance coeﬃcients a and b that appear
in:
∆p = aw∞2 + bw∞ Pa (6.23)
and correspond to the parameters associated with the turbulent and viscous resistance.
Using the measured data, one can ﬁnd out that a = 158.92, Pa·s
2
m2
, b = −5.02, Pa·sm . After
substitution of the calculated values to the equations below one can ﬁnally ﬁnd the desired
resistance coeﬃcients:
a = C2
1
2
ρ∆n⇒ C2 = 2605.24 1
m2
(6.24)
b =
µ
z
∆n⇒ 1
z
= −2806527.33 1
m
(6.25)
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where:
1
z - viscous resistance,
1
m ,
C2 - internal resistance, 1m2 ,
µ - dynamic viscosity of air, Pa · s,
ρ - air density, kgm3 ,
4n - coal bed height, m,
4p - pressure drop across the bed, Pa,
ν - air velocity, ms .
The method proposed in Postrzednik et al. [59] has been used to determine the porosity
of the coal bed. The measured value of the porosity is 35%.
6.2.3 Basic equations of the ﬁxed - bed model
The solid phase
The newly developed model for solid (coal) phase is based on three species transport
equations to calculate the moisture, volatiles, char content in the solid phase.
∂
∂t
[(1− e) ρs · gw] +∇ · [(1− e) ρsws · gw] = −Gvap (6.26)
∂
∂t
[(1− e) ρs · gvol] +∇ · [(1− e) ρsws · gvol] = −Gdev (6.27)
∂
∂t
[(1− e) ρs · gchar] +∇ · [(1− e) ρsws · gchar] = −Gchar (6.28)
where:
gi - mass fraction of the speciﬁc component of coal, kgikg .
The above three equations are accompanied by the continuity equation for the solid phase:
∂
∂t
[(1− e) ρs] +∇ · [(1− e) ρsws] = −Gchar − Gvap − Gdev (6.29)
where:
e - coal porosity (initial value = 0.35), m
3
g
m3 ,
ρs - coal density = 1300, kgsm3s ,
ws - velocity of coal bed, ms ,
Gi - source components associated with chemical and physical processes, kgim3s .
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Ash gash is regarded as an inert substance and is calculated from the following relationship:
gash = 1− gchar − gvol − gw (6.30)
The energy balance for solids of the ﬁxed - bed is as follows:
∂
∂t
[(1− e) ρs · hs] +∇ · [(1− e) ρs · ws · hs] = ∇ · (keff∇Ts) + Sconv + Schar − Svap − Sdev + Sfs
(6.31)
The gaseous phase
The continuity equation of the gas phase inside the ﬁxed - bed reads:
∂
∂t
(e · ρg) +∇ · [e · ρg · wg] = Gchar + Gvap + Gdev (6.32)
where:
ρg - gas density,
kgg
m3g
,
wg - gas velocity, ms .
The following components exist in the gaseous part of the ﬁxed - bed: volatiles, oxy-
gen, nitrogen, carbon monoxide, carbon dioxide and water vapour. Five equations (for
volatiles, CO, CO2, O2 and H2O) are solved for. The balance equation for individual
gaseous components Yi takes the form:
∂
∂t
(e · ρg · Yi) +∇ · [e · ρg · wg · Yi] = ∇ · [e · ρg · Di,eff∇Yi] + Gi (6.33)
where:
Yi - mass fraction of the i-th gas component, kgikgg .
The energy balance for gas inside the ﬁxed - bed reads:
∂
∂t
[e · ρg · hg] +∇ · [e · ρg · wg · hg] = ∇ · (e · kg∇Tg)− Sconv + Sfg (6.34)
where:
hg =
Tg´
To
cpdT - physical enthalpy of gas, Jkgg ,
hs =
Ts´
To
c·dT - physical enthalpy of solid body, Jkgs ,
Si - energy sources term for respective chemical and physical processes, Wm3 ,
Yi - mass fraction of the i-th gas component, kgikgg ,
kg - thermal conductivity for gas, JmK ,
keff - eﬀective thermal conductivity for solid fuel, JmK ,
Tg, Ts - temperatures of gas and solid fuel, K.
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The implemented model assumes that the two following homogeneous reactions take place
in gaseous phase:
• combustion of volatiles released from the solid fuel:
[volatiles] + 1.21O2 → 1.05CO + 2.11H2O + 0.038N2 (6.35)
• combustion of carbon monoxide:
CO + 0.5O2→← CO2 (6.36)
In the last case one has also to take account of the reverse reaction that is important at
high temperatures (above 1200 K). The rates of reaction 6.35 is calculated as [94]:
kco = 2.5 · 108[CO][O2]0.3[H2O]0.5 exp
(
−8052
Tg
)
(6.37)
while the rate of volatiles oxidation as [92, 93]:
kvolatiles = 4.4 · 1011[volatiles]0.5[O2]1.25 exp
(
−15098
Tg
)
(6.38)
The volatile matter is assumed to have the following composition:
[volatiles]− C1.05H4.22O0.74N0.0761 (6.39)
which is obtained considering the proximate and ultimate analysis of the coal used (see
Paragraph 7.1). The molar mass of volatiles is:
Mvolatile = 30
kg
kmol
(6.40)
Mass sources and sinks
In the balance equations for both phases a number of source terms appear. They are
associated with the four basic phenomena:
• evaporation of moisture,
• devolatilization of volatile matter,
• char combustion,
• char gasiﬁcation.
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Figure 6.5 shows all the source terms in the mass balance equations. They are considered
below, one by one.
Figure 6.5: Mass sources and sinks
Due to a low moisture content of the considered fuel as well as fast rates of the evap-
oration process, the assumption is made that water encapsulated in coal is given oﬀ into
the gaseous phase in accordance with the relationship [114]:
rvap = 4.01 · exp
(
−14.4
RTs
)
ρs · gw kgwm3s s (6.41)
and
Gvap = (1− e) rvap kgwm3s (6.42)
.
where:
gw - mass fraction of moisture in fuel, kgwkgs ,
Ts - surface temperature of solid fuel, K.
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After drying and upon further heating, the volatiles included in coal are given oﬀ into
the gaseous phase. The rate of the devolatilization process is described using the relation-
ship [120]:
rdev = Bvol · exp
(
−Ea,dev
RTs
)
ρs · gnvol kgvolm3s s (6.43)
and
Gdev = (1− e) rdev kgvolm3s (6.44)
where:
Bvol = 10
7 - 1s ,
Ea,vol = 158 - kJmol ,
n = 2,
gvol - mass fraction of volatile matter, kgvolkgs .
After drying and devolatilization the solid fuel contains the char which is assumed to
be pure carbon. The char that remains in the solid phase is oxidized to carbon oxides
according to the following overall reactions:
C +
1
Θ
O2 → 2
(
1− 1
Θ
)
CO +
(
2
Θ
− 1
)
CO2 (6.45)
C + CO2 → 2CO (6.46)
The ﬁrst reaction deﬁnes the char combustion process. Char reacts with oxygen and may
form either CO or CO2. The CO/CO2 ratio can be determined using the relationship [98]:
s =
CO
CO2
= 2500 · exp
(
−6240
Ts
)
(6.47)
Using the above formula one can calculate the stoichiometric coeﬃcient appearing in Equa-
tion 6.45:
Θ =
1 + 1s
1
2 +
1
s
(6.48)
The rate of consumption of oxygen in the oxidation reaction (Equation 6.45) is calculated
as:
Ga = MO2 · rcomb
kgO2
m3s (6.49)
where
rcomb = As · Bcomb · CO2 · exp
(
−Ea,comb
RTs
)
· e kmolO2m3s (6.50)
and Bcomb = 4000 ms , Ea,comb = 96.4
kJ
mol .
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The second heterogeneous reaction is the reaction of char gasiﬁcation (Equation 6.46).
The rate of consumption of CO2 in this reaction is:
Gb = MCO2 · rgasif
kgCO2
m3s (6.51)
where
rgasif = As · Bgasif · CCO2 · exp
(
−Ea,gasif
RTs
)
· e kmolCO2m3s (6.52)
and Bgasif = 6940 ms , Ea,gasif = 185.4
kJ
mol .
Therefore the net rate of carbon dioxide production which is generated in reaction 6.45
and consumed in reaction 6.46 is:
GCO2 =
MCO2
MO2
(
2
Θ
− 1
)
· Θ
1
· Ga − Gb kgCO2m3s (6.53)
The formation rate of carbon monoxide as a result of incomplete combustion and gasiﬁca-
tion of char is:
GCO = 2
MCO
MO2
(
1− 1
Θ
)
· Θ
1
· Ga + 2 MCO
MCO2
Gb
kgCO
m3s (6.54)
Finally, the source or rather sink term in the solid phase equation for char is:
Gchar =
Mc
MO2
Θ
1
Ga +
Mc
MCO2
Gb
kgc
m3s (6.55)
It is stressed again that the kinetic parameters for reactions 6.45 and 6.46 originate from
the publications of Tomeczek [22] and Wiljenskij et al. [123].
Energy sources and sinks
Energy sources and sinks discussed in this paragraph are shown in Figure 6.6.
The moisture evaporation process requires energy (latent heat) needed for transforma-
tion of liquid water into a gaseous state:
Svap = Gvap · [∆Hvap + cp,w,g · (Ts − To)] Wm3 (6.56)
where:
cp,w,g - speciﬁc heat of water vapour, JkgK ,
To = 298.15K - reference temperature, K,
∆Hvap = 2257 - latent heat at 373 K, kJkg .
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Figure 6.6: Energy sources and sinks (for mass sources see Figure 6.5)
In the mathematical model developed in this study, the rate of devolatilization is de-
scribed using a single Arrhenius relationship (Equation 6.43), Here the assumption is made
that the devolatilization eﬀect is subject to similar kinetic mechanism as in case of methane
release from coal. For description of the coal decomposition process it is additionally pre-
supposed that the process is accompanied with no further thermal eﬀects. With reference
to [30, 31], all thermal eﬀects of endothermic nature that may occur during the mentioned
process can be explained by variation of the speciﬁc heat within the range from 400 to
600oC. With consideration to the foregoing assumptions, the source term for devolatiliza-
tion reads:
Sdev = Gdev · cp,vol · (Ts − To) Wm3 (6.57)
where:
cp,vol - thermal capacity of volatiles, JkgK .
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The source/sink terms associated with heterogeneous reactions 6.45 and 6.46 are calcu-
lated as follows:
• for the solid phase energy balance equation:
Schar = ∆H
a
CO2
(
2
Θ
− 1
)
Mc
MO2
Θ
1
Ga + ∆HaCO2
(
1− 1
Θ
)
Mc
MO2
Θ
1
Ga +
+ ∆Hb
Mc
MCO2
Gb
W
m3 (6.58)
where:
∆HaCO2 = 32791.67
kJ
kg , ∆H
a
CO = 9208.33
kJ
kg , ∆H
b = −14375.00 kJkg ,
are heats of reactions (char combustion - Equation 6.45 and gasiﬁcation - Equa-
tion 6.46).
The source term of the solid-phase energy balance, which is associated with physical
enthalpy of reactants and products of reactions 6.45 and 6.46, is calculated as:
Sfs = G
a · cp,O2 · (Tg − To)− GaCO2 · cp,CO2 · (Ts − To)
+ GbCO2 · cp,CO2 · (Tg − To)− GCO · cp,CO · (Ts − To)
W
m3 (6.59)
• for gaseous phase energy balance equation:
Sfg = −Ga · cp,O2 · (Tg − To) + GaCO2 · cp,CO2 · (Ts − To)
− GbCO2 · cp,CO2 · (Tg − To) + GCO · cp,CO · (Ts − To)
+ Gvap · cp,w,g · (Ts − To) + Gdev · cp,vol · (Ts − To) Wm3 (6.60)
The temperature diﬀerence between the solid fuel and the gas that ﬂows through the
fuel bed results in heat exchange between the two phases. The term:
Sconv = αeff · As (Tg − Ts) Wm3 (6.61)
describes the convective heat transfer rate. To determine the amount of transported heat
one has to know the value of the heat transfer coeﬃcient αeff and the contact surface area
per unit of volume of solid (As).
The contact surface area
To calculate rates of heterogeneous reactions it is necessary to determine the contact sur-
faces area between the two phases (see Figure 6.7).
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Figure 6.7: Determination of the contact surface area between solid fuel and the gaseous
phase
The initial ratio of the contact surface area to the particle volume is calculated by
means of the following formula [95]:
As,o =
6 (1− e)
dp,o
m2
m3 (6.62)
The newly developed model assumes that a particle with its initial diameter dp,o reduces
its volume during the combustion process. The particle initial mass can be calculated as:
mp,o =
pi · dp,o
6
3
· ρs kg (6.63)
while its mass change during the combustion process is:
mp = mp,o −
3∑
i=1
mi kg (6.64)
where:
3∑
i=1
mi = mvap +mdev +mchar.
When the mass mp is known, it is possible to calculate the volume of non-porous solid
particle:
Vp =
mp
ρs
m3 (6.65)
Actually, solid particles have a certain internal porosity that is subject to variations during
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combustion, and the volume of a porous particle is:
Vp,e = Vp + Vpor m3 (6.66)
where:
Vp,e - volume of a porous particle, m3,
Vpor - volume of pores inside the particle, m3.
Knowing the volume of the porous particle its diameter is calculated as :
dp =
3
√
6
pi
· Vp,e m (6.67)
that can be subsequently used to calculate the actual area of the contact surface between
the phases:
As =
6 (1− e)
dp
m2
m3 (6.68)
The just calculated contact area is the external surface area of a sphere with a diameter
of dp.
During the combustion process the structure of pores located inside coal particles is
a subject to alterations. Such alterations may lead to variations (increase or decrease)
of reactions surface area. For this study the assumption is made that the total area of
internal pores Sin, where the chemical reactions between the solid and gaseous phases
can take place, is calculated in accordance with the random pore model [33, 58, 59, 60].
Variations of the pore surface are related to a parameter known as the degree of char
conversion. The latter is deﬁned as the ratio of the reacted char to its initial amount:
Xc =
Gchar,o − Gchar
Gchar,o
kg
kgo
(6.69)
where:
Gchar - instantaneous mass of char, kg,
Gchar,o - initial mass of char, kg.
The total surface area of internal pores, where heterogeneous reactions take place, is cal-
culated by means of the formula:
Sin = Sin,o(1− Xc)
√
1− ψ ln(1− Xc) m2 (6.70)
where:
Sin,o - initial surface area, m2,
Ψ - structural parameter of pores,
Xc - degree of char conversion.
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To calculate the instantaneous surface area it is necessary to know the initial contact surface
area So between phases, the degree of char conversion Xc and the y parameter that deﬁnes
the structure of pores. This parameter is determined for the primary (non-combusted) fuel
samples and is deﬁned in the following way [62, 130]:
ψ = (−ln(1− eo))−1 (6.71)
where:
eo = 0.2 - initial porosity of particle,
m3f
m3
.
In turn, the initial surface area of internal pores Sin,o is calculated using the following
formula:
Sin,o = Aw ·mp m2 (6.72)
where:
mp - particle mass, kg,
Aw = 1.5 - speciﬁc surface area of particle internal pores, m
2
g ,
Sin,o - initial surface area of internal pores, m2.
Figure 6.8: Determination of the surface area for internal pores
The value for speciﬁc surface area Aw and initial porosity of particle εo is calculated
following reference [22]. The method for calculation of the surface area for internal pores
is shown in Figure 6.8. The relationship that describes variations in the surface area
as a function of the char conversion degree is not a monotonous function. Figure 6.9
shows that the maximum surface area of reaction occurs when 40% of char is subject to
combustion. Further combustion leads to gradual reduction of the surface area. Figure
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6.9 also demonstrates that the surface area Sin is strongly depended on y parameter that
describes the structure of pores.
Figure 6.9: Speciﬁc surface area as a function of char conversion degree [33]
In order to ﬁnd out the volume of internal pores Vpor it is assumed that sizes of pores
encapsulated inside the particle increase as a result of mass decrease. When one knows the
total mass of matter
3∑
i=1
mi reacted at the moment of τ and assumes that the combustion
rate is proportional to the contact area between the gaseous and solid phases, the volume
of pores can be calculated by means of the following relationship:
Vpor =
Sin
Sin+Sex
3∑
i=1
mi
ρs
+ Vpor,o m3 (6.73)
where:
Vpor,o - initial volume of pores, m3,
Vpor - total volume of internal pores, m3,
Sin - surface area of internal pores, m2,
Sex - external surface area of particle, m2.
The total contact area between the gaseous phase and the solid phase (Figure 6.10) is
the sum of the surface area for internal pores Sin and the external particle surface area
Sex:
S = Sin + Sex m
2 (6.74)
The external particle surface area is just the surface area of a sphere with the diameter dp.
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Figure 6.10: Total area of the contact surface between particles and gaseous phase
6.2.4 Diﬀusion of gaseous species
The diﬀusion of gaseous species into surface of solid particles where the heterogeneous
reactions take place (Figure 6.11) is the matter of substantial importance in calculating
the overall rates of oxidation and gasiﬁcation reactions. To determine the impact of the
diﬀusion, it is a common practice to introduce the eﬀective rate constant of chemical
reactions, that for the needs of this study is calculated in the following way:
1
keff
=
1
k
+
1
β
(6.75)
where:
β - mass transfer coeﬃcient, ms .
Figure 6.11: Concentration of gaseous substrates at surfaces of solid particles
The mass transfer coeﬃcient β is calculated using the Sherwood number deﬁned as:
Sh =
βdz
D
(6.76)
where:
β - mass transfer coeﬃcient, ms ,
dz - linear characteristic dimension, m,
D - binary diﬀusion coeﬃcient, m
2
s .
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The Sherwood number is calculated using [22, 23, 131] the following correlation:
Sh = 2 + 0.16Re
2
3 (6.77)
The dependence of the diﬀusion coeﬃcient on both temperature and pressure is accounted
for using:
D = Do
(
T
To
)1.75 po
p
m2
s (6.78)
where:
Do - mas diﬀusivity at reference parameters To, po, m
2
s ,
T - temperature, K,
p - pressure, Pa.
6.2.5 Structure of fuel bed
According to Atkinson & Merrick [27] the ﬁxed - bed of solid fuel during the combustion
process may achieve one of the three ﬁnal structures: particulate, plastic or coke stage.
In each of the three stages the heat transfer inside the bed, as well as the heat exchange
with the surrounding gas, proceed diﬀerently. This is due to diﬀerent pores (size, shape)
characteristic for each of the three ﬁnal stages.
Figure 6.12: Porosity variation within the ﬁxed-bed [54]
In this thesis the bed is split into two parts (particulate charge and coke charge) which
are shown at Figure 6.12. In particulate charge only inter- particle porosity exists (external
porosity) while in the coke charge two types of porosities occur namely the internal and
external one.
In order to describe the heat transfer process in the ﬁxed - bed one has to take account
of substantial variations in thermal properties of the bed. The speciﬁc heat and the ther-
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mal conductivity strongly depend on temperature of the material as well as on the fuel
composition and structure that vary during the combustion process.
6.2.6 Thermal conductivity
The developed model calculates the eﬀective coeﬃcient of thermal conductivity in ac-
cordance with the work of Atkinson and Merrick [27]. It takes account of the most impor-
tant mechanisms, see Figure 6.13, that are associated with heat transfer and take place
inside a ﬁxed - bed.
Figure 6.13: Thermal conductivity in the bed of solid fuel (k in WmK )
The particulate charge has the structure of ﬁxed-bed of solid particles with interpartical
porosity. It is assumed that the overall heat conduction can be represented by three parallel
processes namely: by heat conduction through moisture, heat conduction through solid
particles and gas ﬁlling up the interparticle space, and the heat conduction through solid
particles which is enhanced by contribution of radiation, as shown in 6.14. To ﬁnd out the
eﬀective thermal conductivity keff it is mandatory to know the eﬀective porosity e' [27]:
e′ = 1− (1− e) 13 (6.79)
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Figure 6.14: Eﬀective thermal conductivity (particulate charge) [27]
Following Atkinson & Merrick [27] thermal conductivity of solid fuel is determined
using the formula that brings together the temperature and the fuel density.
ko =
( ρs
4511
)3.5
T0.5s
W
mK (6.80)
where:
ρs - true density of coal,
kg
m3
,
T - coal temperature, K.
For the particulate charge considered it is necessary to take into account the eﬀect of
moisture trapped in the fuel. Due to the fact that moisture evaporates rather quickly at
the temperature of about 100oC, the value of the thermal conductivity coeﬃcient can be
assumed constant and equal to:
k3 = 0.6
W
mK (6.81)
Any bed of solid fuel comprises also pores ﬁlled with air. Within the particulate charge
these are the gaps between particles. The coeﬃcient of thermal conductivity via pores is
determined by means of the following relationship:
k1 = 7.45
(
10−5
)
Tg
W
mK (6.82)
According to [27], the radiative thermal conductivity expressed as a function of particle
surface temperature takes the following form:
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k2 = 2.28
(
10−10
)
T3s
W
mK (6.83)
Finally, to ﬁnd out the eﬀective coeﬃcient of thermal conductivity in the particulate
charge, the following formula is used:
keff = w2k3 +
(1− w2)
e′
k1+k2
+ (1−e
′)
ko
W
mK (6.84)
where:
w2 - mass fraction of moisture in coal,
kgw
kgpal
,
e - porosity of coal,
m3pores
m3coal
.
The solid fuel reaches the form that is referred to as the coke charge after exceeding the
speciﬁc temperature that is the threshold for re-solidiﬁcation after passing the softening
zone. In case of the coke charge (Figure 6.15) the method to determine the eﬀective coeﬃ-
cient of thermal conductivity is slightly diﬀerent as compared to the particulate charge. It
is caused by presence of two porosity types (internal and external ones) as well as diﬀerent
shapes of pores, unlike the gaps between coal particles that exist within the particulate
charge.
Figure 6.15: Eﬀective thermal conductivity (coke charge) [27]
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Within the coke charge, beside the already mentioned radiation mechanism, heat is trans-
ferred by means of conduction through a solid body, conduction through gas that ﬁlls
internal pores as well as conduction along ﬁssures. Thus, the overall heat conduction is
represented by four parallel contributions as shown in Figure 6.15.
For gases ﬁlling the pores the coeﬃcient of thermal conductivity depends on tempera-
ture in the following way [27]:
k1 = 4.96
(
10−4
)
Tg
W
mK (6.85)
The importance of the radiative transfer in cavities increases with the temperature (λ∼T 3s )
as exempliﬁed in Figure 6.16.
Figure 6.16: Eﬀective thermal conductivity vs. temperature [55]
The above relationship is developed under the assumption that pores encapsulate sub-
stantial amounts of hydrogen that is emitted during the ﬁnal stage of the carbonization
process. The radiation in internal pores and along ﬁssures has been deﬁned by means of
the following equations:
for internal pores (the characteristic dimension is assumed to be 0.15 mm):
k2a = 3.42
(
10−11
)
T3s
W
mK (6.86)
for ﬁssures (with the characteristic dimension from 5 to 20 mm):
k2b = 2.28
(
10−9
)
T3s
W
mK (6.87)
Finally, the eﬀective thermal conductivity for the coke charge is determined using the
following formula:
keff = (1− e)ko + ek1 + eink2a + eexk2b WmK (6.88)
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where:
ein - internal porosity within the coal bed,
m3
in
m3c
,
eex - external porosity within the coal bed,
m3ex
,m3c
,
e - porosity of coal,
m3p
,m3c
.
6.2.7 Speciﬁc heat of the fuel bed
The coal speciﬁc heat demonstrates signiﬁcant variations with temperature and com-
position. The speciﬁc heat of solid fuel that is continuously heated to high temperatures
is not a monotonic function of the bed temperature. This is so, since the bed is subject
to various physical and chemical alterations associated with vaporisation of moisture, de-
volatilization and char oxidation (Figure 6.17). The highest value of the speciﬁc heat is
attributed to moisture, then volatile matter and char. Giving oﬀ substances with high
values of speciﬁc heat results in lowering of the speciﬁc heat of the solids remaining in the
bed. The values of speciﬁc heat for a ﬁxed - bed of coal as a function of temperature are
shown in Figure 6.18. The diagram shows a clear maximum that results from the fact that
components with high values of speciﬁc heat have already been released.
Figure 6.17: Speciﬁc heat for coal components (see Equation 6.89)


Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
6 Mathematical model page: 62/136
For calculating the equivalent speciﬁc heat for a ﬁxed - bed the following formula is used:
c = gwcw + gpzcpz
J
kgK (6.89)
where:
gw - mass fraction of moisture,
kgi
kgcoal
,
gpz - mass fraction of dry coal,
kgi
kgcoal
,
cw - speciﬁc heat of moisture, JikgcoalK ,
cpz - speciﬁc heat of dry coal, JikgcoalK ,
c - equivalent speciﬁc heat, JkgK .
Figure 6.18: Predicted variations of speciﬁc heat within the ﬁxed - bed versus temperature.
The heating rate 3
K
min.
[30]
The formulas for speciﬁc heats for char, ash, volatile matter and moisture have been
sourced from [30] and [23]. The newly developed model assumes that the speciﬁc heat of
moisture takes a constant value of cw = 4187 JkgK . The speciﬁc heat of dry coal is calculated
by means of the Kirov formula [109]:
cpz = (1− ad)cpp + adcpa, JkgK (6.90)
where:
ad - mass fraction of ash in dry coal,
kga
kgdcoal
,
cpa - speciﬁc heat of ash, JkgashK ,
cpp - speciﬁc heat of combustible part of coal, Jkgcombcoal K
.
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The speciﬁc heat for ash (cpa) is calculated from the equation:
cpa = 594 + 0.586Ts
J
kgK (6.91)
The speciﬁc heat for the combustible part of coal (cpp) depends on the content of volatiles
in dry, ash-free coal Vdaf . The formulas that are used adopt the following forms:
for Vdaf > 0.1:
cpp = (1− Vdaf)cc + (Vdaf − 0.1)cv1 + 0.1cv2 JkgK (6.92)
for Vdaf < 0.1:
cpp = (1− Vdaf)cc + Vdafcv2 JkgK (6.93)
where:
Vdaf - mass fraction of volatiles in the dry and ash - free coal,
kgvolatiles
kgdaf
.
The above equations are accompanied by:
cc = −218 + 3.807Ts − 1.758 · 10−3T2s JkgK (6.94)
cv1 = 728 + 3.391Ts
J
kgK (6.95)
cv2 = 2273 + 2.554Ts
J
kgK (6.96)
where:
cc - speciﬁc heat of char, JkgcharK ,
cv1 - speciﬁc heat of low temperature volatile matter, Jkgvol1K
,
cv2 - speciﬁc heat of high temperature volatile matter, Jkgvol2K
.
6.2.8 Heat transfer coeﬃcient
Temperature diﬀerence between gaseous phase and solid fuel results in a ﬂow of heat
between gas that ﬁlls pores in the ﬁxed - bed and solid particles. The heat transfer rate is
taken into account in the energy balances of both solid and gaseous phases (see Equations
6.31 and 6.34) by means of the source term:
Sconv =
dS
dV
· αeff ·∆Tg−s Wm3 (6.97)
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Figure 6.19: Eﬀective heat transfer coeﬃcient
where:
dS - contact surface between phases within a volume dV , m2,
αeff - eﬀective heat transfer coeﬃcient, Wm2K ,
∆Tg−s - temperature diﬀerence between the phases, K.
The eﬀective heat transfer coeﬃcient αeff is made up of the convective part ak and the
radiative part ar (Figure 6.19) and can be calculated using the formula:
αeff = αk + αr
W
m2K (6.98)
The convective heat transfer coeﬃcient is calculated using the Nusselt number:
αk =
Nu · kg
ds
· 1− e
e
W
m2K (6.99)
where:
kg - thermal conductivity of gas, WmK .
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while the Nusselt number is calculated using the following Nusselt function [40]:
Nu = 2 · e
1− e + 1.12 ·
√
Re · Pr0.33 + 0.0056 · Re · Pr0.33 (6.100)
The Reynolds number for a porous bed is calculated as follows:
Re =
w · ds
ν
· 1
1− e (6.101)
where:
ν - kinematic viscosity, m2/s,
ds - particle diameter, m,
w - gas velocity, m/s,
e - porosity of coal bed, m
3
pores
m3bed
.
while the Prandtl number is evaluated as:
Pr =
cp,g · µ
k
(6.102)
where:
µ - dynamic viscosity, Pa · s,
k - thermal conductivity, WmK ,
cp,g - speciﬁc heat of gas in the ﬁxed - bed, JkgK .
The heat transfer coeﬃcient increases with the temperature of the gaseous phase.
The heat exchange is intensiﬁed when dimensions of fuel particles are reduced. In the
model presented in this thesis, the coal particles are represented as spheres of an initial
diameter of ds=0.02m. The determined eﬀective heat transfer coeﬃcient (Figure 6.19)
takes account for the eﬀect of such compounds as CO2, H2O, that inhibit heat conveyed
by radiation from a solid body surface. The inﬂuence of ﬂy ash (dust) is neglected due to
its low concentration. The radiative heat transfer coeﬃcient is calculated by means of the
relationship [40]:
αr = 4 · 11
εg
+ 1εs − 1
· σ · T3g Wm2K (6.103)
where:
εg - emissivity of gas,
εs - emissivity of solid particles,
Tg - gas temperature, K.
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To calculate the gas phase emissivity the following formula is applied [32] :
εg = A · e−BT (6.104)
The coeﬃcients A, B for CO2 and H2O are determined using Hottel's diagrams for a
speciﬁed partial pressure of CO2 and H2O and for an average path length of ray within
the gaseous space:
A,B = f (p · s) (6.105)
where:
A,B - dimensionless coeﬃcients, typical for any speciﬁc gas,
T - gas temperature, K,
p - partial pressure of gas, Pa.
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7 Validation of the ﬁxed-bed model
The newly developed model has to be validated against experimental data. The pri-
mary objective of the validation is to determine degree of consistency between the model
predictions and the real processes. The algorithm of the ﬁxed - bed model created in this
work simpliﬁes composition of fuel into four species: char, volatile matter, moisture and
ash. As pointed out before, the initial diameter of coal particle is 0.02 m.
7.1 Composition and caloriﬁc value of the EKORET fuel
The composition of the EKORET fuel and its caloriﬁc value have been measured,
see Table 7.1. Using proximate and ultimate analysis of EKORET coal it is possible to
calculate the composition of the volatile matter. The assumption is made that:
• char is represented by pure carbon,
• molecular weight of volatiles is equal to Mcoal=30 kgkmol ,
• volatiles molecule has a form: CxHyOzNt.
Table 7.1: Proximate and ultimate analysis of raw coal - EKORET and substitute coal
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The proximate analysis on dry-ash-free basis (daf) is:
gdafchar =
gchar
1− gash − gmoist (7.1)
gdafvol =
gvol
1− gash − gmoist (7.2)
Using the char and volatiles mass fractions and ultimate analysis of coal (in mass % daf)
it is possible to formulate the following mass balances of species:
CARBON : cdaf = gdafchar · cdafchar + gdafvol · cdafvol (7.3)
HYDROGEN : hdaf = gdafvol · hdafvol (7.4)
OXYGEN : odaf = gdafvol · odafvol (7.5)
NITROGEN : ndaf = gdafvol · ndafvol (7.6)
where:
cdafchar, h
daf , odaf , ndaf - carbon, hydrogen, oxygen, nitrogen content in daf coal, kgi
kgdaf
,
cdafchar=1 - carbon content in daf char,
kgc
kgdafchar
,
cdafvol , h
daf
vol , o
daf
vol , n
daf
vol - carbon, hydrogen, oxygen, nitrogen content in daf volatiles,
kgi
kgdafvol
.
In the above equations there are four unknows which have to be calculated (cdafvol , h
daf
vol , o
daf
vol ,
ndafvol ). In order to calculate stoichiometric coeﬃcients x, y, z, t of volatiles molecule
(CxHyOzNt) the following equations are used:
x =
cdafvol ·Mcoal
12
(7.7)
y =
hdafvol ·Mcoal
1
(7.8)
z =
odafvol ·Mcoal
16
(7.9)
t =
ndafvol ·Mcoal
14
(7.10)
Finally, the volatile matter molecule is represented by:
[volatiles]− C1.05H4.22O0.74N0.0761 (7.11)
When the caloriﬁc value of coal and the ultimate analysis are known it is possible to
estimate the amount of heat that is released during combustion of volatile matter Qr,vol.
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On the basis of the following reactions:
[volatiles] + 1.74 · O2 → 1.05 · CO2 + 2.11 · H2O + 0.038 · N2 − Qr,vol. (7.12)
C + O2 → CO2 − 393.8kJ/mol (7.13)
one can develop a relationship that enables determination of Qr,vol since:
LCV =
gvol. ·MQr,vol.
Mvol.
+
gchar. ·MQr,char.
Mchar.
− gmoist. · Qvapour. Jkg (7.14)
where:
gvol. - mass fraction of volatile matter in coal,
kgvol.
kgcoal
,
MQr,vol. - amount of heat generated during combustion reactions of volatiles, kJkmol ,
Mvol.= 30 - molecular weight of volatile matter (assumed),
kg
kmol ,
gchar. - mass fraction of char in coal,
kgchar.
kgcoal
,
MQr,char.= 393.8 - amount of heat generated during combustion reactions of char, kJmol ,
Mchar.= 12 - molecular weight of char,
kg
kmol ,
gmist. - mass fraction of moisture in coal,
kg
kmol ,
Qvapour.= 2.440 - evaporation heat of moisture (latent heat), kJkg ,
LCV - lower caloriﬁc value of fuel, kJkg .
The heat of combustion of volatiles for the EKORET coal has been calculated to be
Qr,vol=980 kJmol .
7.2 Measurements for validation of the ﬁxed-bed model
A reactor, shown in Figures 7.1 and 7.2, has been used to carry out measurements [56]
which are used in this thesis for validation of the ﬁxed-bed model. The reactor of 0.28m
height and 0.06m diameter is ﬁlled up with the particles of EKORET fuel. The fuel bed
rests on a grate located at the bottom of the reactor. The fuel is ignited at the reactor
top, nearby the exhaust port of the ﬂue gas.
The combustion front of the fuel travels from the place of ignition (at the reactor top)
downwards to the reactor grate. Four thermocouples equally spaced along the reactor
length, see Figure 7.1, are to determine the rate in which the combustion zone moves
downwards. The distance between adjacent thermocouples is 0.05 m. The ﬂue gas has
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Figure 7.1: Geometry of the reactor
been sampled and analyzed for three gaseous components: CO, O2 and CO2. The gas
composition as well as the bed temperatures have been logged into a recorder that stored
data within 30 seconds intervals.
Figure 7.2: Photo of the reactor
The air necessary to sustain the combustion process is supplied at the reactor bottom.
The stream of the supplied oxidizer is controlled using valves and measured by means of
a rotameter. Two measured cases, shown in Table 7.2, are considered in this thesis. They
correspond to air ﬂow rates of: 1.0m
3
h and 1.5
m3
h which correspond to the values of super-
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ﬁcial air velocity of 0.17ms and 0.26
m
s , respectively. The initial temperature of air and fuel
is 298K. Detailed description of both the measurement equipment and the measured data
can be found in PhD thesis of R. Nosek [56].
Table 7.2: Initial and boundary conditions for numerical calculations. 1 - [22], 2 -see
Paragraph 6.2.5
7.3 Numerical simulations of the ﬁxed-bed reactor
The ﬁxed - bed model developed and described in Chapter 6, has been implemented into
the Fluent CFD package. The 18 sector (45
o) of the reactor (Figure 7.3) has been modeled
using the 3 - dimensional model. Time dependent calculations have been performed for
the two cases (Table 7.2) that diﬀered in the ﬂow rates of supplied air.
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Figure 7.3: Geometry of the numerical model
The initial temperature of coal and air is equal to 298 K. The free convection heat
transfer coeﬃcient between reactor walls and ambient air is calculated by means of the
relationship taken from [132] (see Table 7.2). The emissivity of the reactor walls is assumed
to be 0.8. It is also assumed that the initial coal density is equal to 1300 kg
m3
. The initial
value of the coal speciﬁc heat is 0.9 kJkgK which during the process varies and reaches value
up to 2.3 kJkgK . Similarly, the coeﬃcient of thermal conductivity within the coal bed takes
values from 0.1 to 3.0 WmK . The speciﬁc heat and thermal conductivity are calculated
using relationships described in Section 6.2.7 (speciﬁc heat) and Section 6.2.6 (thermal
conductivity).
Figures 7.5, 7.4 and 7.6 show example results obtained from the numerical simulations
of Case 1 at time of 1800 sec. The diagrams show variations of many parameters, including
the properties of coal along central lines of the coal bed. The analysis of the proﬁles shows
that the combustion front is roughly at the bed height of 0.1 m. It means that after τ
=1800 sec the combustion zone traveled by a half of the total coal bed height of 0.2m and
the temperature at that position is about 1400K.
The values of thermal conductivity and heat transfer coeﬃcient rapidly increase within
the combustion zone, mostly due to increasing role of radiation in the process of heat
transfer both inside the bed and between fuel phases. As far as the speciﬁc heat of the bed
is concerned, its highest value occurs just in front of the zone where the highest values of
temperature are reached. The volatiles, with high values of their speciﬁc heat, are given
oﬀ, which is associated with a decrease of the bed speciﬁc heat.
The next results, which are closely associated with the newly developed model, refer
to values of coal particle diameters and porosity. The diagrams clearly show that particle
diameter diminishes rapidly within the combustion zone with simultaneous growth of the
porosity. This is due to both devolatilization and heterogeneous reactions. Consequently,
the bed loses a part of its weight. The diagrams show also thermal eﬀects that take place
inside the bed of burning fuel. It is clearly visible that a part of energy (in the model
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considered as a source component) just nearby the reactor grate (at the bottom of the
reactor) is consumed for evaporation of moisture. The main source of energy for the solid
phase is the reaction of char combustion. The energy released during the combustion reac-
tion provides heat for endothermic reaction that cool down the solid fuel pilled in the bed.
The diagrams show also the values of mass source terms for individual gaseous substances,
where these source terms simulate heterogeneous reactions and the devolatilization pro-
cess. One can notice that the highest values for the mentioned source components occur
nearby or inside zones of high temperatures.
Figure 7.4: Model predictions along the center-line of the ﬁxed-bed - A (τ =1800 sec.)
(Case 1 see Table 7.2)
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Figure 7.5: Model predictions along the center-line of the ﬁxed-bed - B (τ =1800 sec.)
(Case 1 see Table 7.2)
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Figure 7.6: Model predictions along the center-line of the ﬁxed-bed - C (τ =1800 sec.)
(Case 1 see Table 7.2)
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7.4 Comparison of the model predictions against the measured data
The comparison of the model predictions and the experimental data concerns the tem-
perature values inside the fuel bed and the ﬂue gas composition (CO,CO2, O2) measured
at the reactor outlet.
As mentioned before, two cases corresponding to the air ﬂow rates of V˙air = 1.0m
3
h and
V˙air = 1.5
m3
h (see Table 7.2) are considered.
Figure 7.7: Flue gas composition (Va = 1.0
m3
h
and Va = 1.5
m3
h
, Ta = 298K, pa = 0.1MPa)
(lines - predicted data, symbols - measured data)
Figure 7.7 shows the measured and model predicted composition of the reactor exhaust
gases for Case 1 and Case 2 while Figure 7.8 shows the variations of the bed temperature
with time. The above mentioned ﬁgures show that the model represents fairly the measured
data. Figure 7.7 clearly shows that for the V˙air = 1.0m
3
h air ﬂow rate the combustion pro-
cess ends after about 6000 seconds. This is the moment when the oxygen molar fraction in
exhaust gases reaches 21% and concentrations of other monitored gases (CO2, CO) rapidly
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drops to zero. When the air ﬂow rate increases to V˙air = 1.5m
3
h the fuel consumption rate
also increases and the retorting is complete after 5000 seconds.
At the initial phase, the measured CO concentration in the ﬂue gas substantially de-
viates from calculation results which is related to the initial temperature which has to be
speciﬁed to initiate the time dependent calculations of the ﬁxed-bed model.
Figure 7.8: Coal bed temperature (Va = 1.0
m3
h
and Va = 1.5
m3
h
, Ta = 298K, pa =
0.1MPa) (lines - predicted data, symbols - measured data)
The graphs shown in Figure 7.8 present both the predicted and measured ﬁxed - bed
temperatures. The results that illustrate variation of the bed temperature during the
process indicate no eﬀect of the high fuel temperature assigned to the ignition zone since
the thermocouples are located downstream of the ignition point, thus the ignition area
only insigniﬁcantly aﬀects results presented in Figure 7.8.
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7.5 Correlation between model predictions and measured data
To establish whether the model predictions are in accord with measured data, several
correlation coeﬃcients are calculated (see Tables 7.3 and 7.4). The coeﬃcients are deﬁned
as:
ρx,y =
Cov(X,Y)
σx · σy (7.15)
where:
cov(X,Y ) - covariance between variables x and y,
σx, σy - standard deviations for variables x and y,
x - series of calculation data,
y - series of measurement results.
Table 7.3 presents the correlation coeﬃcients related to the ﬁxed-bed temperatures mea-
sured at four locations along the reactor.
Table 7.3: Correlation coeﬃcients - Temperatures
The correlation coeﬃcients reach values ranging from 0.858 to 0.957 indicating that
the developed model is capable to predict temperatures of the ﬁxed - bed in line with the
measured data.
In turn, Table 7.4 contains the correlation coeﬃcients calculated for the ﬂue gas compo-
sition. The values of correlation coeﬃcients for O2 and CO2 fall into 0.871 to 0.906 interval
which means that cohesion between the calculations and the measurements is suﬃcient.
The correlation coeﬃcients related to determination of CO concentration range between
0.52 and 0.53, which is surprisingly low. The reason for such poor correlation of measure-
ment results and calculation data for CO is the fact that a too high initial temperature
of the coal bed has been entered for the ignition zone. This results in formation of large
amount of CO originating from the gasiﬁcation process. The CO concentration values after
about 4000 seconds start to resemble values that have been obtained from measurements.
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
7 Validation of the fixed-bed model page: 79/136
Table 7.4: Correlation coeﬃcients - Gas composition
7.6 Sensitivity analysis of the ﬁxed - bed model
The developed ﬁxed-bed model requires a number of input parameters. This section is
meant to check how variations in parameters adopted for the model (i.e. thermal properties
and kinetics) may aﬀect the obtained results. This shall enable ﬁnding the parameters that
must be determined with the topmost accuracy.
Figure 7.9 comprises diagrams that show how temperature of the fuel bed calculated
using the developed model may vary when the value of the selected parameters is increased
by 20%. Two diagrams, for energy activation (Ea) and pre-exponential factor (kcomb) of
char combustion reaction (C +O2 → CO2), show the inﬂuence of variations in the kinetic
parameters. When the activation energy kcomb is increased by 20%, its value is so high
that the combustion process does not begin. The ignition temperature assigned to the
upper part of the reactor fails to initiate the reaction of combustion. On the contrary,
the increase of the pre-exponential factor of the reaction results in acceleration of the
combustion process.
The three subsequent diagrams show how the 20% increases of coal density, eﬀective
thermal conductivity and eﬀective heat transfer coeﬃcient aﬀect the model predictions.
The presented diagrams indicate that higher values of density and the intensiﬁcation of
heat transfer between the solid and the gas phases result in slowdown of the process. The
burning front travels at a lower velocity from the ignition place (top of the reactor) to the
reactor grate (bottom of the reactor). It is because a higher density results in an increase
of the fuel mass for a given ﬂow rate of air. It results in a drop of the excess air ratio as well
as the fuel conversion rate. On the other hand, an increase of the heat transfer coeﬃcient
intensiﬁes the transfer of energy between the solid and gaseous phases. Consequently, coal
is more intensely cooled down by the surrounding gas which, to some extent, slows down
the combustion. As it can be seen in Figure 7.5, the thermal conductivity value increases
only within the combustion zone and it remains low otherwise. The sensitivity analysis
indicates that an increase of the thermal conductivity coeﬃcient by 20%, insigniﬁcantly
aﬀects the rate of the process inside the reactor.
The model parameters have been merely estimated or evaluated with a various degree
of accuracy. The above analysis shows that some parameters should be determined or
adjusted with exceptional care. The reaction of char oxidation (Equation 6.45) seems to
be exceptionally important for the whole process, and particular attention should be paid
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Figure 7.9: Sensitive analysis - fuel temperature ( parameters increased by 20%), Ea
- activation energy, kcomb - pre-exponential factor, ρs - fuel density, α - heat transfer
coeﬃcient (between phases), λ - thermal conductivity.
to the pre-exponential factor and the activation energy. A pretty large eﬀect on the ob-
tainable results (temperature proﬁle) is observed for the density of solid fuel. On the other
hand, the accuracy associated with measurements (calculations) of the thermal conductiv-
ity coeﬃcient seems to be of much less importance. The assessment of the sensitivity of
the ﬁve model parameters listed in Table 7.5 on the calculated temperatures is carried out
by calculation of the logarithmic sensitivity factor LSF :
LSF =
∂ ln y
∂ ln p
=
∂y
∂p
· p
y
(7.16)
To assess global parametric sensitivity within the analyzed time interval t1 − tk, the
average logarithmic sensitivity factor ALSF is used:
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ALSF =
k−1∑
i=1
|LSF(ti) · (ti+1 − ti)|
tk − t1 (7.17)
Results of the completed calculations are summarized in Table 7.5. The calculations
show that variation of the pre-exponential factor for the reaction of char combustion as
well as of its activation energy (Equation 7.9) has the largest impact on the model results.
Much less importance is recorded for the heat transfer coeﬃcient, whilst variations of the
thermal conductivity remain nearly negligible for the model predictions.
Table 7.5: Average logarithmic sensitivity factor for the ﬁxed -bed model
7.7 Overall assessment of the ﬁxed - bed model
The results presented in Chapter 7 demonstrate a good consistency between the mea-
surements and the calculations. The correlation coeﬃcients presented in Tables 7.3 - 7.4
show a satisfying agreement between the predictions and the experimental data. The sen-
sitivity analysis shows that the parameters such as pre-exponential factor and activation
energy of char oxidation reaction (see Equation 6.45) have signiﬁcant inﬂuence on ﬁxed-bed
model predictions and should be estimated as accurately as possible.
It is worth stressing again that the literature data have been used to calculate the
kinetics of both combustion and gasiﬁcation reactions. Such data are in general applicable
to the EKORET coal, as demonstrated in this Chapter, however their accuracy remains
unknown. A better approach would be to measure the kinetic data for the EKORET coal
in a separate experiment. However such an experiment is not easy to carry out and often
the determination of the pre-exponential factor and the activation energy is uniques [146].
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8 Simulations of the combustion process in a small - scale
retort boiler.
Completion of the ﬁxed-bed model development initiates modeling of the whole retort
boiler for which the ﬁxed-bed model constitutes a part only. The numerical calculations
of the combustion process in a retort boiler of 25 kW nominal power are carried out under
steady-state conditions. The boiler unit is ﬁred with the peas-sized EKORET coal, that
is the same fuel grade for which the ﬁxed-bed model has been developed. The ﬁxed-bed
model has been implemented into the FLUENT software package and enables simultaneous
calculations of the fuel bed (retort) as well as combustion of combustibles above the retort.
Figure 8.1 shows the retort for which the ﬁxed-bed model described in Paragraph 6.2 is
used. The coal is continuously fed into the retort.
Figure 8.1: Coal in the retort
8.1 Boiler geometry and dimensions
The boiler, shown in Figure 8.2 is made up of a fuel reservoir, a screw feeder that
transport fuel to the combustion chamber, a retort where the actual combustion takes
place and a fan that supplies air to the combustion chamber.
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Figure 8.2: The retort boiler considered in this work
The whole boiler unit is contained within a water jacket that receives heat generated
in the boiler. The boiler operation is controlled by a microprocessor that regulates the
amount of air and fuel supplied to the combustion chamber.
Figure 8.3: The sketch of the whole boiler
As pointed out in Paragraph 2, the boiler consists of the radiative and convective
sections. Only the radiative section is considered in this Chapter for which the most
important elements are: the retort, the free-board space above the retort and the space
below it. The geometry of the numerical model is shown in Figure 8.4. To reduce the
computing time only half of the boiler is simulated since the boiler is symmetrical. Major
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dimensions of the combustion chamber are shown in Figure 8.5.
Figure 8.4: Geometry of the model
Figure 8.5: Dimensions of the geometry of radiation section
Figure 8.6 shows a sketch of the upper part of a retort. The air is provided into the
boiler by means of a fan and is delivered to the combustion chamber through a channel that
embraces the retort. In that channel the supplied air (oxidizer) is split into the primary
and the secondary air streams. The primary air is delivered through holes (d = 5 mm) that
are located on the side wall of the retort (2). The holes deliver the incoming air directly to
the fuel bed. Narrow slots of 0.5 mm width guide the secondary air (3) around the retort.
Thus, the secondary air does not mix with the solid fuel. A small amount of air enters into
the combustion chamber together with the fuel particles (1).
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Figure 8.6: The air distribution to the combustion chamber
8.2 Material properties
The gaseous phase comprises six chemical species: nitrogen, oxygen, carbon monox-
ide, carbon dioxide, water vapor and volatile matter (as a single chemical compound).
Properties of all mentioned gases have been copied from FLUENT database.
Table 8.1: Properties of steel
The boiler walls are made out of steel of the properties listed in Table 8.1. The deﬂector
is made out of a ceramic material with thermal properties as listed in Table 8.2
Table 8.2: Properties of the ceramics of the deﬂector
It has been assumed that emissivity of boiler walls and the deﬂector equals e = 1.0
since the inner surface of the combustion chamber are covered with soot formed during
the combustion process. For comparison purposes another simulation has been carried out
where the emissivity takes a value of e = 0.8.
It is also assumed that combustion chamber gas is fully transparent for thermal radia-
tion. Despite the presence of CO2, H2O and some soot and particulates such an assumption
is justiﬁed as the optical thickness is small so that the mentioned species absorb and emit
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not too much of thermal radiation. Similarly, additional comparative calculations have
been carried out using Discrete Ordinate model with gas emissivity calculated by weighted
sum of gray gases model (wsggm).
8.3 Boundary conditions
Formulation of boundary conditions is an important part of the numerical simulations.
Inappropriate boundary conditions may lead to discrepancies of numerical calculations
or results that contradict the reality. In the boiler considered, the combustion process is
carried out at relatively high excess air ratio at the level of λ = 2. The combustion chamber
of the boiler considered is contained in a water jacket. Typically, the water reaches the
temperature of (70 − 80)oC. Following the measurements, the temperature of 373 K has
been speciﬁed as heat transfer boundary conditions at the combustion chamber walls.
The diagram of the boiler geometry along with the major boundary conditions is shown
in Figure 8.7 and they are listed in Table 8.3. The amount of air delivered to the boiler
unambiguously results from the boiler power and the excess air ratio. It is assumed that
both the fuel and air are delivered to the combustion chamber at T = 298K temperature.
Figure 8.7: Boundary conditions
8.4 Results of the calculations
After setting up the boiler geometry, entering the materials properties and inlet con-
ditions and specifying the boundary conditions as described in the previous section, a
non-structural mesh consisting of around 1,000,000 tetrahedral elements is generated.
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Table 8.3: Boundary conditions 1 - experimental data (25kW nominal power, 30kW fuel
input)
8.4.1 Fixed-bed results
Figures 8.8 and 8.9 refer to the combustion process in the retort. In Figure 8.8 one can
see the retort and temperature distribution for the fuel placed therein. The solid fuel moves
from the bottom to the top of the retort and the combustion zone is located in the upper
part of the bed. The fuel bed temperature never exceeds 1400K owing to the mechanism
of temperature stabilization typical for coal combustion in ﬁxed-beds. This mechanism
is based on chemical reactions associated with the combustion and gasiﬁcation processes.
When the fuel bed temperature is high the gasiﬁcation reactions tend to dominate and the
heat is taken away from the reacting particles.
Figure 8.8: Solid bed temperature inside the retort (in Kelvin)
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Figure 8.9: Mass fraction of char, volatiles and moisture in the coal bed
Figure 8.9 shows mass fractions of coal components during combustion. Here one has
to emphasize the role of the deﬂector positioned just above the retort. Beside the obvious
eﬀect of distribution (bae) of combustion products leaving the retort, there is one more
valuable beneﬁt of the deﬂector. A substantial portion of energy leaves the bed by thermal
radiation and is reﬂected by the deﬂector back toward the retort. Such a design deﬁnitely
improves the combustion, resulting in an improve fuel ignition and burnout.
8.4.2 Free-board results
Figure 8.10 shows the temperature ﬁeld inside the boiler. In the plane that intersects
the boiler into symmetric halves, the highest temperature (1700K) is below the deﬂector.
Outside the ﬂame located just above the retort, the combustion products are subject
to very fast cooling even as much as by several hundreds centigrades. Such a substantial
temperature gradient may lead to an incomplete combustion of combustibles. The deﬂector
surface temperature is worth considering. As compared to the temperature of combustion
products that ﬂow around the deﬂector, the deﬂector surface temperature is rather low at
the level of 800K. Such a low temperature results from intensive radiation (emission) from
the deﬂector surface to cold walls (373−425)K of the combustion chamber that are cooled
by the water. Contact of the ﬂue gas with such a cold solid body may worsen combustion
conditions and, in consequence, its eﬃciency. The temperature proﬁle as shown in Figure
8.10 discloses one more signiﬁcant fact. The bottom part of the combustion chamber
(located below the retort) has temperature as low as (400 - 500)K, so the combustibles
reaching that area have no chance to undergo complete combustion.
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Figure 8.10: Temperature proﬁle (in Kelvin)
Figures 8.11 and 8.13 show the path lines indicating the gas ﬂow pattern in the com-
bustion chamber. The pictures show how the ﬂue gas ﬂows round the deﬂector and then,
nearly immediately, leaves the combustion zone being discharged at the exit of the radiative
section. Such organization of the combustion process can be described as poor mixing,
which eventually results in incomplete combustion of the fuel.
Figure 8.11: Path lines colored by temperature (in Kelvin)
Figure 8.12 shows the oxygen molar fraction inside the combustion chamber. The
oxidizer is fed to the combustion chamber via appropriately designed nozzles. The calcu-
lations show that a substantial portion of air escapes from the combustion chamber not
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participating in the combustion process. It is easy to see that the oxidizer is insuﬃciently
distributed inside the combustion chamber hence the oxygen concentration is non - uni-
form in the radiative part of the boiler. The calculation results also reveal that supplying
of cold air directly to the combustion zone substantially cools down the area nearby the
secondary air nozzles.
Figure 8.12: Path lines colored by oxygen mole fraction (in
kmolO2
kmol )
Figure 8.13 shows the CO molar fractions inside the combustion chamber. The results
reveal that the coal gasiﬁcation is one of the major mechanisms that lead to CO formation.
One can clearly see how important function is performed by the deﬂector inside the boiler.
The deﬂector retains gas within the combustion area before the gas is discharged to the
relatively cold convective zone.
Figure 8.13: Path lines colored by CO mole fraction (in kmolCOkmol )
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8.5 Sensitivity analysis
In this Paragraph, sensitivity analysis is conducted using the Logarithmic Sensitivity
Factor (LSF) deﬁned by the relationship 7.16. The factor has been calculated for the entire
part of the combustion chamber (see Figures 8.14 - 8.17).
8.5.1 Sensitivity to mesh density
In any numerical simulations it is imperative to examine how the mesh size aﬀects the
predictions. Tetrahedral elements are used. During the process of the mesh generation the
particular attention has been paid to the following features of the mesh:
• Smoothness  changes in dimensions of the mesh elements should be smooth so that
the volumetric ratio of the adjacent elements shall be low.
• Skewness - shapes of mesh elements should be as close as possible to equilateral
tetrahedrons. Apex angles of the solid should be about 60o.
• Aspect ratio - this is the parameter that serves as a measure how much the mesh is
stretched. The parameter value should never exceed 5. It is deﬁned as a halved ratio
of the element length to its width.
Two meshes consisting of 800,000 and 1,000,000 nodes have been used. In both meshes
for which the above rules applied, the volume of individual element range from 10−6 to
10−10 m3. The numerical mesh is denser inside and nearby the retort as well as within
the area between the deﬂector and the retort. Dimensions of the mesh elements gradually
increase towards the bottom part of the boiler.
Figure 8.14 shows the map of sensitivity factors for the temperature proﬁle against
variations of the mesh density. The picture demonstrates that modiﬁcations of the mesh
density within the range from 800, 000 to 1, 000, 000 of cells aﬀect the obtained results
exclusively for areas nearby the walls of the deﬂector and the water jacket. For nearly
entire volume of the model under analysis the denser mesh has no substantial impact on
the predictions. Thus, one can assume that the mesh density adopted for calculations
is suﬃcient. Owing to correctly designed numerical mesh, the results that are obtained
during simulations depend only marginally on numerical errors.
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Figure 8.14: Sensitivity factor for temperature with a respect to mesh size
8.5.2 Sensitivity to physical parameters
The mathematical model describing the processes that take place in the combustion
chamber requires a number of parameters, such as the amount of supplied air (the excess air
ratio), wall temperature or wall emissivity. Therefore the Logarithmic Sensitivity Factor
(LSF), already deﬁned in the former parts of this study, has been calculated for some of
the parameters. The results, in the form of a map that presents sensitivity factors on the
symmetry plane of the combustion chamber, are shown in Figures 8.15 - 8.17. Variations
of all the analyzed parameters amounts to 10% of the initial parameter value. The excess
air ratio has been reduced from the initial value of l = 2.0 to 1.8, and emissivity of the
combustion chamber from e = 1.0 to 0.9. Similarly, the wall temperatures have been
decreased.
The impact of such alterations on the predicted temperature inside the combustion
chamber is the most signiﬁcant within the closest vicinity of the chamber walls. The
highest values (10.9) of logarithmic sensitivity factors near the walls are obtained for wall
emissivity (Figure 8.17). Even if distance from walls is very short the values of logarithmic
sensitivity factors rapidly decrease. For wall emissivity these values are always less than
0.02 and for wall temperatures they never exceed 0.07 (Figure 8.16). The largest impact
onto the temperature proﬁle inside the combustion chamber is recorded for the excess air
ratio. The logarithmic sensitivity factors calculated for that parameter may even exceed
the level of 0.23.
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Figure 8.15: Temperature sensitivity factor with a respect to excess air ratio
Figure 8.16: Temperature sensitivity factor with a respect to walls temperature
Figure 8.17: Temperature sensitivity factor with a respect to walls emissivity
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The averaged, over the entire chamber volume, logarithmic sensitivity factors have also
been computed using the following formula:
ALSF =
k−1∑
i=1
|LSF(Vi) · Vi|
Vm
(8.1)
where:
Vm - total volume of the combustion chamber, m3,
Vi - volume of mesh element i, m3,
LSF (Vi) - logarithmic sensitivity factor calculated for the i-th mesh element,
k - number of mesh elements inside the combustion chamber.
Table 8.4 shows the calculated values of the sensitivity factors for predictions of both,
the temperature and the oxygen molar fraction.
Table 8.4: Average logarithmic sensitivity factors
One can unambiguously state that the model predictions are the most sensitive to vari-
ations of the excess air ratio. The temperature and emissivity of walls are only important
within a very small volume. Thus, particular attention must be paid to correct, as accu-
rate as possible, determination of the excess air ratio. Due to a very probable eﬀect of air
in-leakage, particularly in the boiler bottom parts, the actual value of the excess air ratio
may deviate from the value entered in the calculations.
The wall temperatures of the water jacket demonstrate quite narrow variations that
never exceed 10%, since the water cooling is rapid. The average logarithmic sensitivity
factor for temperature is equal to ALSF = 0.072 (Table 8.4), so that the assumption of
the constant wall temperature value shall lead to variation of computation results at the
level of 0.72% since:
∂Tg
Tg
= LSF · ∂Tw
Tw
(8.2)
∂Tg
Tg
= 0.072 · 0, 1 = 0.0072 (8.3)
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where:
Tw - temperature of walls, K,
Tg - temperature of gas inside the combustion chamber, K,
LSF - logarithmic sensitivity factor.
Wall emissivity values are subject to variations only within an insigniﬁcant range and
the assumption that the emissivity is nearly one is a good approximation, which is con-
ﬁrmed by the value for the calculated average sensitivity factor of ALSF = 0.0197 (Table
9.3).
In summary, the predicted proﬁles of temperature and oxygen concentration are the
most signiﬁcantly aﬀected by variations of the excess air ratio. Other parameters that have
been also considered, such as the temperature or the emissivity of the combustion chamber
walls have only minor impact on the calculation results.
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9 Validation of the numerical model
In this Chapter the overall boiler model is validated against the measurements of tem-
perature, O2, CO2 and CO concentrations which have been taken in the free board (ra-
diative section) of the boiler. Thus, this validation is limited to the radiative section only.
9.1 Procedure of experimental measurements
The boiler has been modiﬁed, as shown in Figure 9.1, to provide access for temperature
and gas composition measurements.
Figure 9.1: Measurement ports located on the side wall of the boiler
Figure 9.2 and Figure 9.3 show the location of the measurement ports which have been
selected so that the most crucial areas inside the combustion chamber could be examined.
These areas include the space above the deﬂector, between the deﬂector and the retort as
well as below the retort. The inner temperature of walls have been measured at the side of
the combustion chamber using ﬂat thermocouples. The temperature and gas composition
inside the combustion chamber have been measured using a purposefully designed water-
cooled probe. Traversing the probes allow for measurements in tree vertical planes: at two
side walls and along the central plane of the unit.
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Figure 9.2: Location of the measurement ports in the boiler  side view
Figure 9.3: Location at the measurement ports in the boiler
During the measurements the boiler has been operated at rated power of 25kW with
the excess air ratio of l = 2.0. The measurements have been taken under steady-state con-
ditions of the boiler. The unit under tests achieved its steady-state conditions after about
30 minutes from the moment when tests are commenced. Details related to measurements,
such as description and technical characteristic of the applied equipment can be found in
the PhD thesis of R. Nosek [56].
9.2 Comparison of calculations with experimental results
The measurements have been carried out along two planes, marked in Figure 9.4 as `a'
and `b' planes. Plane a is the symmetry plane at the boiler while plane b is located in
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the vicinity of the side wall.
Figure 9.4: Measuring planes inside the combustion chamber
Locations of the measurement points are shown in Tables 9.1 and Table 9.2.
SLOT [CO],% [CO2],% [O2],% T,K
1a CALCULATIONS 0.000 10.9 10.5 1016
MEASUREMENTS 0.010 11.8 8.2 812
2a CALCULATIONS 0.221 12.7 8.4 1481
MEASUREMENTS 1.120 12.7 6.8 1354
4a CALCULATIONS 0.004 10.5 9.9 603
MEASUREMENTS 0.280 2.3 18.5 515
5a CALCULATIONS 0.000 10.9 10.2 1049
MEASUREMENTS 0.060 14.1 5.2 755
6a CALCULATIONS 1.043 13.5 7.2 1589
MEASUREMENTS 7.290 13.9 0.1 1605
Table 9.1: VALIDATION of the model - plane a
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SLOT [CO],% [CO2],% [O2],% T,K
1b CALCULATIONS 0.001 10.9 10.3 1088
MEASUREMENTS 0.010 13.3 6.5 949
2b CALCULATIONS 0.031 10.4 10.7 1001
MEASUREMENTS 0.060 7.6 13.0 820
4b CALCULATIONS 0.003 10.4 9.9 430
MEASUREMENTS 0.070 0.07 20.1 455
5b CALCULATIONS 0.010 10.4 10.7 1065
MEASUREMENTS 0.200 12.4 7.0 834
6b CALCULATIONS 0.160 9.0 11.9 917
MEASUREMENTS 0.110 7.4 0.1 959
Table 9.2: VALIDATION of the model - plane b
The measurements along the symmetry plane a (Table 9.1) that passes through the
combustion chamber center are to determine the temperature and gas composition inside
the combustion chamber close to the ﬂame (point 2a), in the ﬂame center (point 6a), below
the retort (4a) and near the water cooled pipes (5a, 1a). Measurement in plane b (Table
9.2) provide information about the near walls region.
Experimental and predicted data summarized in Table 9.1 and Table 9.2 demonstrate
deviations ranging from 9% to 30%, as compared to numerical calculations. The largest
discrepancy is seen at the location below the retort. The measurement results indicate
that the gas composition at this location is very close to the atmospheric air whilst the
calculations show combustion products of composition very similar to the one above the
retort. The described discrepancy is associated with design features of the boiler. The
sampling point below the retort (point 4a) is located nearby the ash-pan and service doors,
so additional air is entrained to the considered area from outside via any untight slots and
this is clearly seen in the gas composition measured. Leaks via unsealed joints of the
boiler alter the excess air ratio. The amount of uncontrolled air and locations where it is
entrained into the combustion chamber are hard to detect and evaluate. It is the reason
that reliable and accurate reproduction of conditions inside the combustion chamber of a
real boiler is diﬃcult.
The calculated correlation coeﬃcients (see Table 9.3) indicate that the developed model
is capable to predict, with satisfying reliability, alterations in gas temperature and concen-
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tration.
[CO] [CO2] [O2] T
0.99 0.70 0.82 0.94
Table 9.3: Correlation coeﬃcient between measurements and calculations
In summary of this Paragraph one observes that the predicted carbon monoxide con-
centration diﬀers substantially from the measured value, as shown in Tables 9.1 and Table
9.2. However, the high value of the CO correlation coeﬃcient indicates a strong correla-
tion between the model predictions and measurements. Thus, the model is good enough
to predict trends in CO concentration changes although the absolute values may depart
from reality.
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10 Improvements to the boiler design
The model predictions allow for an analysis of the combustion process inside the boiler.
In this Chapter, such an analysis is performed with a twofold objective to identify deﬁ-
ciencies and to propose improvements.
Figure 10.1 shows the predicted temperature inside the radiative section at the sym-
metry plane of the boiler. The predictions are for steady-state operation at 25 kW rated
power (30 kW thermal input) and excess air ratio of 2.0. The deﬂector is positioned 0.18
cm above the retort. This boiler conﬁguration and inputs is named as Baseline Case.
Figure 10.1 indicates substantial gas temperature gradients inside the combustion
chamber. The ﬂue gas leaving the ﬂame zone is rapidly cooled down by several hundreds
of centigrades. Such a rapid temperature drop inhibits combustion reactions indicated in
the ﬂame zone and results in an increase of unburned species. The temperature drop is
caused by the cold air that is supplied as the secondary air. In other words, the secondary
combustion air forms a curtain of cold air ﬂowing upwards along the ﬂame zone. Both the
walls temperature and the deﬂector temperature inside the combustion chamber are also
disadvantageous in terms of the combustion process eﬃciency.
Figure 10.1: Temperature distribution inside the combustion chamber (in Kelvin) (Baseline
Case)
The combustion chamber walls are cooled down by water that circulates in the water
jacket that embraces nearly the whole combustion chamber. The ﬂue gas that resides
nearby the water cooled chamber walls is relatively cold and, in the cold near wall region,
the combustion reactions are terminated.
The deﬂector, situated inside the combustion chamber above the retort and secondary
air nozzles, is to improve the combustion process as it prolongs the residence time inside
the boiler and improves mixing of substrates. The deﬂector also retains a portion of energy
that is released (lost) from the ﬁxed-bed by radiation and reﬂects it back up towards the
retort, which improves the combustion process for solid fuel. However, such a deﬂector has
got also some disadvantages.
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The modeling results show that the deﬂector temperature of 800K is much lower than
the gas temperature of 1600K. The deﬂector emits thermal radiation to the boiler side
walls that are relatively cold. The deﬂector, placed just above the retort, improves mixing
of gas but also cools the gas that hits its relatively cold surface. However, the mixing
process is still insuﬃciently intense (Figure 10.2) and the retention time of incompletely
combusted ﬂue gas in the radiative part of the boiler is still too short. The combustion
process takes place exclusively in the upper part of the combustion chamber, it means in
the space above the retort, and the temperature in the area below the retort is as low
as 400K. Incompletely combusted gas that penetrates into this area has no chance to be
oxidized to completion. A great deal of gas remains in corners of the combustion chamber
(Figure 10.3). These are the areas that are much colder than the remaining space where
conditions for combustion are unfavorable.
Figure 10.2: Path lines colored by temperature (temperatures in Kelvin) (Baseline Case)
Figure 10.3: Distribution of gases in the combustion chamber (temperature in Kelvin)
(Baseline Case)
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Combustion in the retort and in the boilers proceeds with a substantial (2.0) excess of
air so as to provide suﬃcient amount of oxygen inside the boiler to decrease the content
of combustible matter in ﬂue gas. Such a large ﬂow of the oxidizer leads to substantial
pressure losses in air channels and in bed itself. An excessively high velocity of gas inside
the combustion chamber reduces the residence time of substrates in the combustion zone
and it may lead to incomplete combustion. To summarize all the foregoing remarks, one
has to conclude that the combustion process in the retort boiler can be improved by
modiﬁcation of the deﬂector, redirection of air ﬂows and alterations to shape and design
of the combustion chamber.
In the subsequent paragraphs one considers a number of boiler modiﬁcations which are
named as follows:
• Cases A - J - modiﬁcations concerning the deﬂector,
• Cases K - O - modiﬁcations concerning the air supply,
• Case P, R - modiﬁcations concerning the shape of combustion chamber.
10.1 Inﬂuence of deﬂector on ﬂue gas composition
To improve the substrates mixing the deﬂector is lowered by 0.065 m and is suspended
at a distance of 0.115 m above the retort. Figure 10.4 shows the path lines colored with
temperature which correspond to this modiﬁcation, named as Case A. Figure 10.4 should
be compared with Figure 10.2 showing the same informations for the original deﬂector
position. Lowering of the deﬂector leads to higher velocities of gas that hits the deﬂector
surface, which leads to a better mixing. As the deﬂector is closer to the retort it directly
aﬀects a larger portion of gas leaving the retort. One should realize that the deﬂector
should be optimized, it means there is an optimum position of the deﬂector above the
retort. Positioning too close to the retort may even deteriorate the combustion eﬃciency
and result in combustion instabilities caused by accumulation of excessive amount of cold
air (from air nozzles) within the ﬂame zone.
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Figure 10.4: Case A (temperature in Kelvin)
The next case that is considered (Case B) includes modiﬁcations to the deﬂector shape
and size. The new deﬂector is of 0.12m diameter so that its surface area is smaller than the
surface area of the original deﬂector (d=0.21). The new deﬂector is suspended at 0.18m
distance above the retort. Flow path lines in Figure 10.5 show that ﬂue gas escapes from
the combustion chamber along the shortest possible path. Consequently, the modiﬁcation
B deteriorates the degree of combustion. In case of CO, the combustion completeness is
nearly threefold worse that in the Baseline Case.
Figure 10.5: Case B (temperature in Kelvin)
The Case C (Figure 10.6) is actually a modiﬁcation of Case B. The deﬂector is identical
as in the Case B but is lowered by 0.1 m. The mathematical modeling demonstrates that
lowering of this small deﬂector does not improves the combustion conditions.
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Figure 10.6: Case C (temperature in Kelvin)
For Case D (Figure 10.7) a deﬂector of 0.24m diameter is suspended 0.08m above
the retort. In order to reduce loss of heat, a screen is used as shown in Figure 10.7.
The analysis of calculation results clearly shows that gas in the combustion chamber is
redirected towards cold walls. As ﬂue gas ﬂows via the coldest area of the combustion
chamber chemical reactions are inhibited. It results in a deterioration of ﬂue gas purity
with more than twice higher emission of CO, as compared to Baseline Case (see Figures
10.2-10.3).
Figure 10.7: Case D (temperature in Kelvin)
Case E (Figure 10.8) refers to the identical geometrical design as Case D, the only
diﬀerence is in slots present in the screen. The slots enable a portion of the ﬂue gas to
pass from the ﬂame zone to the free board zone. This solution improves completeness of
CO combustions by nearly 70 %, as compared to Baseline Case.
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Figure 10.8: Case E (temperature in Kelvin)
A totally diﬀerent solution is presented as Case F. The deﬂector, that covers almost
the whole cross-section of the boiler (see Figure 10.9), is perforated by drilling boreholes
with the diameter of 0.02m. The inside surfaces of the holes are hotter than external walls
of the deﬂector. Such surfaces irradiate each other, which prevents the deﬂector from loss
of heat to the combustion chamber walls. As one can clearly see in Figure 10.9, the gas
ﬂows through the holes and immediately escapes to cold areas of the boiler. Thus, it can
be observed that too large dimensions of holes as well as of the deﬂector itself result in an
increase of CO concentration in the ﬂue gas by fourteen times, if compared to the Baseline
Case.
Figure 10.9: Case F (temperature in Kelvin)
Option G (Figure 10.10) takes advantage of the idea comprised in Case F. The deﬂector
is substituted with a number of perforated plates. The plates with drilled boreholes are
mutually displaced and form a chessboard pattern to enforce mixing of ﬂowing ﬂue gas
and air. The subsequent analysis of ﬂue gas composition performed using the numerical
calculations demonstrated an increase of CO concentration in ﬂue gas by four times, if
compared to Baseline Case. Despite the improved mixing the set of plates inhibits chemical
reactions in the gaseous phase.
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Figure 10.10: Case G (temperature in Kelvin)
For Case H (Figure 10.11) the combustion chamber has been divided by means of
a partitioning plate to prevent gas from premature escape from the radiative part to the
convective part of the boiler. Such a partitioning plate substantially increases the residence
time in the boiler. In Case H the hot combustion products leaving the ﬂame are directed
towards a cold side wall and remain in cold bottom part of the boiler for long. With respect
to CO concentration, Case H presents the worst solution among all that have already been
presented in this study.
Figure 10.11: Case H (temperature in Kelvin)
Cases I and J (Figure 10.12) present deﬂectors with very sophisticated shapes that are
hard in manufacturing. They are designed to improve mixing. However, the simulations
have shown that these designs are also associated with high CO emission, if compared to
Baseline Case.
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Figure 10.12: Case I and Case J
Example results for the option J (Figure 10.13) demonstrate that gas, owing to the
appropriate shape of the deﬂector has favourable conditions for mixing. Unfortunately,
intensive gas circulation occurs in the space between deﬂector plates so that the gas is
cooled and this is the reason for rather poor results obtained for the two last cases.
Figure 10.13: Case J
Table 10.1 summarizes the calculation results for all the options associated with mod-
iﬁcations of the deﬂector design. The results indicate that the best solution enabling a
decrease of CO and unburned hydrocarbons concentration in discharged ﬂue gas consists
of a screen that "shields oﬀ" the combustion zone from the water jacket walls (Case E).
Similar improvements can also be achieved by lowering of the deﬂector position (Case A).
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Table 10.1: Comparison of the deﬂector modiﬁcations. Predictions of the mathematical
model at the exit of the radiative section.
10.2 Inﬂuence of the air distribution
In this paragraph several modiﬁcations to the air distribution are considered. In Case
K additional air holes, marked in Figure 10.14 as new openings, are added. The total
cross-section area of nozzles suppling the primary air to the retort is increased twofold.
The intention is to achieve a lower pressure loss across air channels and a more uniform air
supply into the retort. This is also the solution that may reduce hazard of coal sintering.
A uniform air distribution may minimize the high temperatures peaks that are responsible
for sintering eﬀects. The solution proposed in Case K improves also behavior of ﬂue gas
above the bed as shown in Figure 10.14. The gas leaving the bed stays away from the
combustion chamber walls. The new air distribution reduce emission of CO by nearly 70%
if compared to Baseline Case.
Figure 10.14: Case K (temperature in Kelvin)
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
10 Improvements to the boiler design page: 110/136
In Case L (Figure 10.15) the combustion air is divided into three streams. The ﬁrst
two streams are delivered in the same way as in the Baseline Case. The third ambient
temperature air is injected to the combustion chamber at the height of the deﬂector.
Unfortunately, such a solution fails to improve eﬃciency of combustion. The temperature
of the third air is deﬁnitely too low which results in fast cooling of the entire chamber.
Figure 10.15: Case L (temperature in Kelvin)
In Case M (Figure 10.16) the attempt is made to recirculate some of the combustion
products containing about 10% of oxygen back to the ﬂame zone. The additional channel
in the retort, shown in Figure 10.16, allows to obtain such an eﬀect by using air stream
injected into the combustion chamber. The calculations demonstrate that such a method
allows for recirculation of about 10% (by mass) of the ﬂue gas back to the combustion zone.
However, calculations demonstrate a deterioration of exit ﬂue gas purity. Concentration of
combustible substances in discharged gas substantially increased, as compared to Baseline
Case. The recirculation of the ﬂue gas leads to a temperature decrease in the ﬂame zone,
which is the main reason for an increased emission of products of incomplete combustion.
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Figure 10.16: Case M (temperature in Kelvin)
One of the major design issues of the commercial 25kW boiler is the method of air
supply system. Figure 8.6 shows the layout of oriﬁces (original design) that supply air to
the retort and to the combustion zone above. The cold air supplied above the retort to
the ﬂame results in cooling of combustibles leaving the retort. Case N (Figure 10.17) is
an attempt to reduce the detrimental eﬀect of the cold air. The air is divided into several
streams and therefore is gradually mixing with the gas leaving the retort. The calculation
results demonstrate that the high temperature zone is spread over much a large area of
the boiler and, what is also a beneﬁcial factor, the high temperature gradients exist no
more inside the combustion chamber. All these factors lead to substantial improvements
of the fuel gas purity, as compared to the Baseline Case. Carbon monoxide emissions are
reduced by almost 50%.
Rafaª Buczy«ski, Ph.D. Thesis Investigation of Fixed-Bed Combustion Process
10 Improvements to the boiler design page: 112/136
Figure 10.17: Case N (temperature in Kelvin)
Figure 10.18: Case O (temperature in Kelvin)
The next idea is to improve the mixing by adding a swirling component to the com-
bustion air stream, see Case O shown in Figure 10.18. By redesigning the secondary air
nozzles one can easily introduce a swirling velocity component. The calculation results
demonstrate that such a mixing pattern leads to an improved uniformity of temperature
inside the combustion chamber. If the solution proposed for this option were applied, the
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CO concentration in ﬂue gas would be reduced by more than 70% (see Table 10.2) as
compared to the Baseline Case.
Table 10.2 shows a comparison of the K - O designs. The best solution, in terms of ﬂue
gas purity, is swirling of a portion of the combustion air inside the combustion chamber
(Case O).
Table 10.2: Comparison of air distribution modiﬁcations. Predictions of the mathematical
model at the exit of the radiative section.
10.3 Inﬂuence of the combustion chamber shape
This part of the study deals with the eﬀect of the combustion chamber shape on the
combustion process. The combustion chamber of a commercial 25 kW unit has a shape of
a cuboid. That cuboid is embraced by a water jacket. The coldest volumes of that cuboid
are located in corners. When gas parcels enter such volumes the combustion reactions are
signiﬁcantly inhibited, which results in an increased emission of unburned combustibles.
For Case P (Figure 10.19) the combustion chamber is cylindrical while the other parts
remained unaltered, as compared to Baseline Case.
The results obtained by the numerical modeling indicate that the combustion chamber
of a circular cross-section, without overcooled corners, substantially improves combustion
conditions with a decrease of CO emissions by more than 80%, if compared to CO con-
centration in ﬂue gas discharged from the combustion chamber of Baseline Case.
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Figure 10.19: Case P (temperature in Kelvin)
Reshaping of the combustion chamber improves the combustion process but at the
same time the surface area of walls that separate the combustion chamber and the water
jacket is reduced and it deteriorates the heat exchange between these two sub-assemblies
of the boiler. To improve the heat transfer rate while keeping the combustion chamber
cylindrical Case R is considered (see Figure 10.20). In Case R the gases leaving the retort
ﬂow downwards and enter an annular channel ﬂowing then upwards along the boiler walls.
The swirling at the combustion air stream has been retained. The calculations demonstrate
that Case R seems to be the best design option in terms of the ﬂue gas purity as well as
the exchange of heat with water circulating inside the water jacket. The model predictions
show 90% CO emission reduction, if compared to Baseline Case.
In summary of this paragraph Table 10.3 is presented. The analysis of CO concentra-
tion in the ﬂue gas provides the evidence that the combustion chamber shape aﬀects the
combustion process more than modiﬁcations associated with redesigning of the deﬂector
shape or redistribution of air inside the boiler. Therefore, the best solution, in terms of ﬂue
gas purity, is Case R that consists of a cylindrical combustion chamber, a screen (annular
channel) to separate the ﬂame zone from walls of the water jacket, and nozzles that impart
swirl to the combustion air stream.
Table 10.3: Comparison of the boiler construction modiﬁcations. Predictions of the math-
ematical model at the exit of the radiative section.
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Figure 10.20: Case R - The best design (temperature in Kelvin)
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10.4 Improvements related to emission of solid particles
The excess air ratio aﬀects the dust emissions. The air stream delivered to the boiler
picks up and conveys small particles (dust) from the bed to the outlet. The larger air
ﬂow, the more solid particles reach the boiler outlet. The combustion process with the
excess air ratio as high as l = 2, which is typical for low-power retort boilers, is known
for extensive emission of dust. Table 10.4 presents calculation results related to emissions
of solid particles. The analysis is carried out for two design solutions: Baseline Case and
Case R. For each of the options the simulations are carried out for two values of the excess
air ratio l = 1.5 (N1, R2) and l = 2.0 (N, R). The assumption is made that 0.05% of
the fuel ﬂow rate forms the dust. The dust particle diameters range from 10−3 to 10−6 m
as former investigations demonstrated. Details related to the size distribution of the dust
particles are summarized in Table 10.5.
The results, that are summarized in Table 10.4, demonstrate that the reduction of the
excess air ratio results in solid particles emissions reduction. The best results are achieved
for Case R2. The appropriate design of the combustion chamber combined with reduction
of the excess air ratio brings about more than 80% reduction in particulates emission, if
compared to Baseline Case. Figure 10.21 shows behavior of solid particles inside the boiler.
One can clearly see that for Case R2 dust particles accumulate at the boiler bottom.
Table 10.4: Comparison of the cases-particles emissions
Table 10.5: Size distribution
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Figure 10.21: Comparison of the cases - particles tracks
10.5 Comparison of the modiﬁcations
All modiﬁcations considered in Chapter 10 have been intended to improve the com-
bustion process inside the boiler. An overall comparison is shown in Table 10.6 which is
accompanied by Figure 10.22. The ﬁrst part of the table facilities a comparison between
boiler design options concerning the deﬂector shape and position, redistribution of air ﬂow,
and reshaping of the combustion chamber. The second part is dedicated to the eﬀect of the
excess air ratio on the combustion process for the best design option, namely Case R. The
third part of the table brings together the results of calculations carried out to examine
alterations to boiler shape and construction.
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Table 10.6: Comparison of the cases considered in this study
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Figure 10.22: Comparison of the best cases
The best solution, in terms of combustion eﬃciency and exchange of heat inside the
radiative part is represented by Case R. This is the option that facilities the improvement of
the air distribution and reshaping of the combustion chamber. Additionally, the deﬂector
is removed and the annular channel has been added.
The large number of numerical simulations performed in this thesis allow to identify
clear trends in the boiler performance depending on the design/modiﬁcation implemented.
The ﬁrst notable beneﬁcial change is the modiﬁcation examined for Case A. The lowering
of the deﬂector may result in a decrease of CO emission even by 60%, as compared to the
emission of Baseline Case (25 kW commercial boiler). The next advantageous alteration
consists of application of a screen that protects the deﬂector from excessive loss of heat by
radiation to cold walls. Such a screen is proposed for the Case E and results in reduction
of CO emission by more than 60%. The subsequent promising modiﬁcation is associated
with the air supply to the retort. The solution proposed for Case K assumes that the
number of air oriﬁces is increased. This is the solution that cuts down emission of CO
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by nearly 70%. The next favourable solutions are represented by Cases N, O and P that
brings about reduction of CO emission by 46%, 72% and 86% respectively. For the Case N
the air staging is applied, Case O is associated with swirling of the combustion air whilst
Case P assumes the cylindrical shape of the radiative part in the boiler.
Figure 10.23: Temperature proﬁles ( cross-section C and D)
Figure 10.23 shows a comparison between the most interesting modiﬁcations. The two
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lower diagrams show temperature proﬁles across two traverses. The C − C traverse, that
presents distribution of the gas temperatures along the boiler height, shows the cooling
eﬀect of both the deﬂector and components of the water jacket. On the other hand, the
D −D traverse demonstrates that substantial temperature diﬀerence may occur between
the combustion chamber centre and the areas nearby the water jacket walls. The diagrams
show that the application of air swirling as well as the screen prevent the rapid decrease
of temperature inside the combustion chamber.
A prolonged residence time of ﬂue gas within high temperature zones is beneﬁcial for
completing the gas phase combustion reactions. Table 10.7 shows the calculated residence
time of the gas parcels in the boiler. The table demonstrates that for Case R the resident
time is the longest. In such a case the combustibles remain inside the combustion chamber
for 1.6 to 3.0 seconds whilst the residence time for the initial design of the combustion
chamber (Baseline Case) is never longer than 1.0 second.
Table 10.7: Residence time - comparison of the cases
A certain improvement of combustion conditions can be achieved even without alter-
ations to the boiler design. An appropriate organization of the combustion process in 25
kW commercial unit may lead to a pretty high improvement of the ﬂue gas purity. Cases
N2 and N1 refer to examinations of the relationship between the excess air ratio and emis-
sions of products of uncompleted combustion. For Case N2 it is assumed that the excess
air ratio inside the combustion chamber is l = 1.8, whilst for Case N1, l = 1.5. One can
see that the excess air ratio in the 25 kW commercial unit should be reduced to the value
of l = 1.8 (N2). The excess air ratio of l = 2 results in overcooling of the combustion
chamber interior and excessive loss of heat. The reduction of the excess air ratio results in
a reduction of CO by 90% as well as a reduced chimney loss.
Finally, for Ncold and Nhot Cases one examines how temperature of water jacket walls
aﬀects the discharged ﬂue gas. In Case Ncold the temperature of the water jacket walls is
303K while in Nhot Case it is 453K. The results summarized in Table 10.6 demonstrate
a relationship between the temperature of the water jacket walls and pollutants emission.
The higher temperature of combustion chamber walls, the lower is the emission of products
from incomplete combustion.
Table 10.6 shows the eﬀect caused by the excess air ratio for the (best) Case R; two
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values of the excess air ratio, namely R2- l = 1.5 and R1- l = 1.8 have been considered.
The eﬀect of l parameter onto emission of undesired substances is insigniﬁcant. One can
conclude that the combustion process for the `R' design option is less sensitive to variations
of the excess air ratio, if compared to Baseline Case.
The analyses related to behavior of solid particles (ﬂy ash) inside the combustion cham-
ber have demonstrated that operation of boilers with low values of the excess air ratio
results in reduced emissions of solid particles. Figure 10.21 indicates that the best solu-
tion corresponds to Case R2. The cylindrical shape of the combustion chamber as well as
reduced air ratio result in more than 80% reduction of solid particles discharge.
10.6 Eﬃciency of the retort boiler
The eﬃciency of retort boilers is deﬁned as:
η =
Nboiler
P · LCV =
Gwater · cwater(Tout − Tin)
P · LCV (10.1)
where:
P - fuel mass ﬂow rate, kgs ,
Gwater - water mass ﬂow rate,
kg
s ,
cwater - speciﬁc heat of water, JkgK ,
Tout - water temperature at the water jacket inlet, K,
Tin - water temperature at the water jacket outlet, K.
Thermal eﬃciency of the small scale retort boilers is usually in the 80 - 90%, range and
it may drop to 70 - 80% if the boiler is derated or overrated. Then, pollutants emissions
also increase. Experimental data (see Table 10.8), show that the retort boiler which is
considered in this thesis, has an eﬃciency equal to 0.84.
In the numerical simulations presented in Chapter 9 the radiative section of the boiler,
has been considered the radiative section of the boiler only. However, in order to calculate
the boiler thermal eﬃciency using the developed CFD - based model, it is imperative to
include also the convective section of the boiler. The boiler exit parameters listed in Table
10.8, correspond to the convective section outlet.
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Table 10.8: Measurements of retort boiler eﬃciency [145]
Table 10.9: Comparison of predicted and measured data
Figure 10.24 shows the whole boiler unit, as it has been set up in an additional com-
putational run that includes both boiler sections. Table 10.9 shows the calculated and
measured parameters at the boiler outlet. The predicted thermal eﬃciency is 79% while
84% has been measured. The observed 5% diﬀerence is due to a number of factors mainly
due to discrepancy in the wall temperature and emissivity, simpliﬁed radiative heat trans-
fer calculations, and imperfections in CFD model for the convective section. Obviously,
such a 5% diﬀerence is visible on the predicted boiler exit temperature that is by 34K
higher than the measured value. The measured and predicted oxygen and carbon dioxide
volume fractions are in good agreement. As it has been already discussed in Section 9.2,
the carbon monoxide concentration at the outlet exceeds by far the measured value.
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Figure 10.24: The boiler unit - path lines colored by temperature (temperature in Kelvin)
It is informative to consider again Case R (λ=1.8) where the boiler geometry and com-
bustion conditions have been optimized so that the convective section has been removed.
The thermal eﬃciency of the radiative section of Case R is 69% which is by 19% larger
than the radiative section eﬃciency of the original retort boiler operated at 1.8 excess air
ratio. Thus, this conﬁrms again the superiority of Case R design over the commercial unit.
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11 Summary and Conclusions
This study is dedicated to examining of combustion processes in a small - scale retort
boiler ﬁred with specially prepared coal (or biomass pellets). Such units are operated in
many houses, both in Poland and in Europe. The boilers are designed on the basis of
experience and intuition of manufacturers.
The present study aims at improving the combustion process in such boilers. Herein,
the searching for design improvements is based on scientiﬁc background, which is a new
approach in this boiler sector. In order to ﬁnd out the best design solutions a CFD - based
mathematical model has been developed. The ﬁxed-bed sub-model developed in this thesis
constitutes the heart of the overall CFD-based boiler model. The ﬁxed-bed sub-model has
been validated against measurements of temperature and gas composition of a ﬁxed-bed
of EKORET coal.
The validation process has demonstrated satisfactory agreement between predictions
and measurements. The correlation coeﬃcient for temperature ranges from 0.858 to 0.957
while the same coeﬃcients for the gas composition varies within the 0.871 to 0.906 interval.
The lowest values of correlation coeﬃcients are obtained for CO at the level of 0.6. The
sensitivity analyses revealed that the pre-exponential factor and the activation energy of
the combustion reaction aﬀects the obtained results to the most signiﬁcant degree.
The newly developed ﬁxed-bed sub-model has been implemented into the CFD Fluent
code to simulate a commercial boiler unit. Numerical calculations have been carried out
for the non-structural mesh comprising about 1, 000, 000 cells. The boiler is operated
at 25kW (nominal power), with the value of excess air ratio l = 2, 0 that is typical
for units of that type. The validation procedure for the overall boiler model has been
carried out using the temperature and gas composition measurements in the commercial
unit. The validation has indicated satisfactory correlation for both temperatures and gas
composition. The correlation coeﬃcients are at the level of 0.94 for temperatures and
0.7 - 0.99 for species. The correlation coeﬃcient for CO has been as high as 0.99. The
validation procedure has demonstrated that the model is suitable to predict performance
of real boilers with suﬃcient accuracy and conﬁdence. Then, the model is used to optimize
the boiler performance.
The numerical model is used to improve boiler operation. Perfecting the boiler design
resulting in reduced emission of pollutants, (CO, unburned hydrocarbons and ﬂy ash)
can be achieved by repositioning of the deﬂector, redirection of air supply paths into the
combustion chambers as well as reshaping of the combustion chamber. According to the
model predictions, lowering of the deﬂector by 0.065 m with respect to its initial position
results in a decrease of CO emission by more than 60% (compared to the emission of
the commercial unit). When an additional screen is used to protect the combustion zone
together with the deﬂector against cold walls of the combustion chamber the emission of
CO can be reduced by 67%.
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Other modiﬁcations related to redistribution of the combustion air have also been
beneﬁcial and lead to substantial improvements. Swirling of the secondary air has resulted
in 72% reduction of the CO concentration. The swirl has enhanced the mixing, and it
prolonged the residence time both resulting in equalization of temperature inside the boiler.
The model calculations have shown that reshaping of the combustion chamber from the
initial cubicoid to the cylinder-shaped form leads to 86% reduction of CO emission.
Finally, an optimized boiler design has been proposed (Case R), which features the
circular combustion chamber and combustion air swirling. The decrease of CO emission
by more than 90% is foreseen at excess air ratio of 2.0. According to the model predictions,
the optimized boiler can operate at 1.5 excess air ratio (Case R2) with 80% reduced CO,
unburned hydrocarbons and particles emissions. The overall boiler eﬃciency is then in-
creased since 30% more energy is extracted from the radiative part (combustion chamber)
of the boiler than in the commercial unit.
There is no doubts, the newly developed model has proven to be a useful tool in both
analyzing and optimizing the boiler performance.
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